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Abstract 
 
Crustose coralline algae (CCA), and in particular Porolithon onkodes, play an important 
reef-building role in modern tropical coral reefs. CCA form thick crusts of Mg-calcite 
and grow over corals and loose substrate to bind these together. This binding and 
cementing process is fundamental to the development of structural reefs that are capable 
of withstanding the high-energy waves in the shallow to inter-tidal areas of the reef. As 
anthropogenic CO2 emissions continue to increase, the oceans absorb part of this extra 
CO2 and become more acidic, a process known as Ocean Acidification (OA). There are 
concerns that OA will have a negative affect on the reef-building capacity of coral reef 
organisms, in particular on CCA. This is because Mg-calcite is meta-stable and more 
susceptible to dissolution than aragonite, the mineral used by corals to build skeletons. 
 
The goal of this thesis work was to firstly understand the physical and mechanical 
properties that enable the CCA to cement the reef and withstand damage from high-
energy waves, bioerosion and chemical dissolution. Secondly, to anticipate how OA may 
interfere with these reef-building properties. These goals were pursued by setting clear 
aims with associated specific objectives designed to elucidate information relevant to 
these questions.  
 
Methods were developed for X-ray diffraction to identify the mineral composition of 
CCA. Nanoindentation was investigated as a tool for determining the mechanical 
properties of CCA and the measurement of fracture toughness was found to return 
physically meaningful information relevant to structural reef development.  
 
Study of CCA calcification showed that cell wall Mg-calcite exhibited radial crystal 
morphology in agreement with published studies on temperate species. However, high-
resolution imaging showed the radial crystals were made of banded stacked sub-micron 
grains within an organic framework. Dolomite was found not only as cell lining by 
submicron rhombs, but also as the primary calcification of hypothallial cell walls. 
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Dolomite is shown to be resistant to bacterial erosion. A model is developed whereby it is 
proposed that dolomite formation is dependent on polysaccharide accumulation. 
  
Using nanoindentation, P. onkodes are found to be extraordinarily tough, on par with the 
measured fracture toughness for metamorphic minerals quartz and corundum. The 
fracture toughness is enabled by the presence of dolomite cell lining. Contrary to the 
literature, bacterial erosion is found to be a constructive, not destructive, process.  
 
A survey of P. onkodes from Heron Island fore reef and reef flat showed that dolomite 
was present in all the fore reef crusts but none of the reef flat crusts. The reef flat crusts 
did not have fracture resistance except where remineralised. The presence of dolomite 
cell lining was shown to decrease skeletal dissolution rates by an order of magnitude.  
 
OA experiments showed that skeletal dissolution rates increased with elevated pCO2, but 
dolomite continued to confer resistance to dissolution. pCO2 levels did not affect the 
skeletal Mg content or dolomite formation in living CCA. Of concern, and in agreement 
with the literature, bacterial erosion is accelerated under a combination of elevated pCO2 
and temperatures, suggesting this may be the main threat to CCA reef-building in the 
future. The experimental findings were corroborated by results of a field survey along a 
natural pCO2 gradient.  
 
In summary, dolomite was found to be an essential component of modern reef 
development via its contribution to enabling CCA P. onkodes thick crust development 
and persistence. Reef building by CCA P. onkodes is likely to continue as pCO2 rises up 
until a tipping point is reached whereby bacterial erosion switches from constructive to 
destructive. 
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1 Introduction  
 
 
Nothing can be more singular than the appearance at low tide of this ‘flat’ of 
naked stone, especially where it is externally bounded the smooth convex mound 
of Nulliporae appearing like a breakwater built to resist the waves, which are 
constantly throwing over it sheets of foaming water… Charles Darwin (1890)  
 
In his earliest observations of coral reefs, Charles Darwin noted the presence of a flat 
pink rim, emergent at low tide that was not made of coral and appeared to provide 
protection for the main reef. The “Nulliporae” that Darwin refers to in the above quote 
are red algae (Rhodophyta) of the family corallinaceae that form a calcified crust 
[crustose coralline algae (CCA)]. CCA grow in a wide range of environments stretching 
from the warm tropics to the freezing Arctic and Antarctic (Adey, 1978). CCA have cell 
walls filled with magnesium calcite (Mg-calcite) enabling the formation of a calcified 
crust and present as a range of pink to burgundy colour shades. They are also abundant in 
coral reef environments. This exposed expanse of CCA that appeared to Darwin as naked 
stone is now termed the algal rim (Adey, 1978). In this quote Darwin is referring 
specifically to the Cocos Keeling reef, but he noted this Nulliporae formation as being 
common to all atoll and barrier reefs. Darwin’s voyages on the Beagle (1832-1836) led 
him to recognise the protective role that CCA provided for coral reefs;  
 
Coral reefs protected by a similar thick growth of Nulliporae on the outer margin, 
the part most exposed to breakers and this must effectively aid in preserving it 
from being worn down.  
 
Results from the first Pacific Ocean coral reef cores drilled over 100 years ago revealed it 
was CCA that were volumetrically dominant and not corals as had been expected (Howe 
1912). Howe also noted the unexpected dominance of CCA in coral reefs to the point it 
was considered whether the terminology ‘coral’ reef is misleading and ‘responsible for 
false ideas and widespread mental confusion’.  These early researchers concluded that 
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‘the importance of the [CCA] in the formation of the reefs of the central Pacific can not 
be overestimated’.   
 
Work since then has confirmed the reef-building role of CCA in the high-energy shallow 
reef front (Littler, 1973; Littler and Doty, 1975; Adey, 1978, 1988; Diaz-Pulido et al., 
2007). Recently Ferrario et al. (2014) estimated the degree of hydrodynamic protection 
provided by the shallow fore reef (inter-tidal to 6 metres depth) as dissipating 86% of 
wave energy. It is in this shallow and inter-tidal range that CCA dominate the structural 
reef building process (Littler, 1973; Littler and Doty, 1975; Adey, 1978, 1988). Using the 
costs per metre of artificial breakwater construction, (Ferrario et al., 2014) the cost of 
building an artificial breakwater to provide an equivalent shoreline protection service as 
the Great Barrier Reef currently does for the coast of Queensland can be calculated to 
range from 3.1 billion to 1.3 trillion $US (2012 value). Despite the recognised importance 
of CCA in structural reef development and the key role it plays in reef protection there 
has been little research to determine exactly how the CCA carry out this reef building 
function, or the mechanical properties that enable it to dominate in the highest-energy 
reef zone. Considering that Darwin first observed the important role of CCA in reef 
protection over 180 years ago, this is a stunning gap in our understanding of reef building 
processes, as without the CCA ridge, modern reefs would not exist. 
 
1.1 Research goals 
This thesis sets out to understand exactly how the dominant reef-building CCA P. 
onkodes builds its thick crust and the physical and mechanical properties that enable the 
P. onkodes to persist in the high-energy reef front. Furthermore, due to the concerns that 
anthropogenic CO2 emissions will negatively impact the capacity of CCA to continue 
providing this important reef-building service (Anthony et al., 2008; Kuffner et al., 2008; 
Diaz-Pulido et al., 2012; Comeau et al., 2013a), the final part of this study considers how 
the reef-building properties may be affected by rising CO2 and consequent ocean 
acidification (OA).  
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The remainder of this introduction provides a background on CCA, structural reef 
development, the role of CCA in building structural reefs and destructive processes at 
work in the reef environment. An overview is given on the chemistry of OA and potential 
negative affects on calcifying organisms and reef development. Following this, specific 
aims of the thesis are outlined together with the unanswered questions or gaps in the 
literature that each aim seeks to address and objectives necessary to achieve the aims. 
 
  
1.2 CCA overview 
CCA are found from the shallows of the warm tropics (Figure 1-1 A) to the cold waters 
of the Arctic and Antarctic (Steneck, 1986). They have been reported at depths of 268 m, 
making them the deepest known plant life (Littler et al., 1985).  Although non-calcifying 
red algae are found in the Mesoproterozoic (~1200 Ma) (Butterfield et al., 1990, 2000) 
the first confirmed corallines are reported from the Early Cretaceous (146-100 Ma) 
(Aguirre et al., 2000). However, calcifying red algae, possibly ancestral corallines, are 
present much earlier throughout the Paleozoic (541-252 Ma) (Brooke and Riding, 1998; 
Aguirre et al., 2000). It has also been proposed that features in some Neoproterozoic 
(650-530 Ma) carbonates resemble calcifying red algae (Grant et al., 1991) and corallines 
(Xiao et al., 2004), although Xiao et al. presumed these did not calcify in life and may be 
the early stem group corallines.  
 
In terms of the physical properties of these important organisms, Darwin first noted the 
tropical CCA as having a ‘hard’ crust. Indeed, one of the most notable features of CCA is 
how difficult it is to remove from the reef with researchers requiring a hammer and chisel 
to chip off fragments (Fig. 1-1 B). It is presumed that the cell wall calcification enables 
the CCA to build the hard crust that is resistant to high-energy waves (Goreau, 1963; 
Littler and Doty, 1975). 
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Figure 1-1: CCA on the reef. A. CCA forms growth substrate for coral. B. CCA removal 
requires hammer and chisel. Photo credit- Guillermo Diaz-Pulido. 
 
Cell walls provide protection to the cell organelles. In plants, cell walls may be filled 
with cellulose (Campbell et al., 1999). The composition of coralline algal cell walls has 
not been well studied but a recent study found chitin and collagen in cell walls of cold-
water CCA, Clathromorphum compactum (Rahman and Halfar 2014). In contrast to 
fleshy red algae and land plants, cell walls of CCA are impregnated with magnesium-
calcite (Mg-calcite) (Chave 1954; Moberly, 1968; Adey, 1998) (Mg-calcite is calcite with 
~8-30% substitution by magnesium for calcium in the calcite lattice [Ca0.92-0.70Mg0.08-
0.30(CO3)]). Furthermore, tropical CCA may have the minerals dolomite 
[Ca0.5Mg0.5(CO3)] and magnesite (MgCO3) lining and infilling cells (Nash et al., 2011). 
The application of the term dolomite for the CCA dolomite has generated some 
controversy (Gregg et al. 2015) and this is discussed at length in Chapter 3.1.1. In this 
thesis, as it relates to the mineral in the CCA, it is used in place of the term protodolomite 
previously applied (Nash et al., 2011) and is used as an encompassing term to represent 
all types of dolomite that may be present; disordered, partially ordered (protodolomite) 
and / or ordered. CCA form different crustose morphologies as they grow over or on a 
substrate. These include thin crusts (< 500 µm), thick crusts (>500 µm), branched and 
thin leafy crusts (Steneck, 1986). Free-living CCA form as rhodoliths, which are balls of 
coralline that may be crustose or branching, and these can roll around on the seafloor 
(Steneck, 1986).  Porolithon onkodes (previously Hydrolithon onkodes) is part of the 
corallinacae sub-family Mastophoroideae and typically is found as a thick crust, common 
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and generally dominant in shallow reef environments (Littler and Doty, 1975; Matsuda, 
1989; Figueiredo, 1997; Rasser and Pillier, 1997; Ringletaube and Harvey, 2000; Braga 
and Aguirre, 2004). P. onkodes is proposed to be the most abundant CCA species in 
shallow tropical reefs globally (Maneveldt and Keats, 2014). The algal rim formation 
noted by Darwin (1890) is dominated by P. onkodes (Littler and Doty, 1975).  
 
It is the observed resistance to breaking that makes the CCA such an important part of the 
structural reef building process. Indeed, the strength of the substrate to which corals 
attach is considered the main control on the capacity of corals to withstand dislodgement 
under high wave energy (Madin, 2005). The reasons for the P. onkodes dominance in the 
high-energy shallow reef are proposed to included their capacity to continue calcifying 
under high irradiance conditions that damage other CCA (Littler and Doty, 1975) as well 
as the wave shock inhibiting competitive over growths of fast growing frondose fleshy 
algae which would shade and slow the P. onkodes growth. P. onkodes is one of the first 
CCA’s to encrust new substrate (Doty, 1967). The solid substrate built by P. onkodes 
(Fig. 1-1 A) is one of the preferred settlement substrates for coral larvae (Doropoulos et 
al., 2012).  
 
1.3 Role of CCA P. onkodes in reef development 
As well as contributing directly to reef development by forming a resistant carbonate 
crust, the reef-building role of CCA includes the binding together of other carbonate 
substrate (Littler and Doty, 1975; Marshall and Davies, 1982; Adey, 1998). In this 
capacity, the CCA act as mortar to bind together the “bricks” (other carbonate skeletons, 
e.g. coral) of the reef to enable the development of a structural reef that can accrete 
vertically and is resistant to wave energy (e.g. Goreau, 1963). Without the structural 
framework provided by CCA, corals may still form extensive communities, but will not 
be able to accrete vertically (Perry and Larcombe, 2003). For instance, there are coral 
communities found in marginal areas where the temperature is at the limits for coral 
development such as at Inhaca Island, Mozambique (Perry, 2003). CCA, including the 
genera Porolithon, are present in these types of coral communities but there is no 
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evidence of extensive thick crusts that enable reef-framework binding. The reason for the 
absence of thick crust may be due to slower growth rates in cooler temperatures and/ or 
higher sediment load that inhibits CCA coverage.  
 
Environmental factors in areas that would otherwise be suitable for coral reef 
development can inhibit either the growth and / or preservation of corals and CCA. High 
turbidity from sediment load in river outwash can impede CCA growth (Fabricius et al., 
2001). Upwelling of nutrient rich, low pH waters can interfere with preservation of 
carbonate structures. An example of this upwelling environment is found in the poorly 
developed reefs of the Eastern Tropical Pacific (Manzello et al., 2008). These are poorly 
lithified structures and corals are only held together by a thin veneer of CCA and minor 
other encrusting organisms. The lower pH acts to dissolve the carbonate skeleton 
(chemistry explained section 1.3) while the elevated nutrients can enhance carbonate 
bioerosion activities by bacteria and other micro-eroders (Hallock and Schlager, 1996). 
This enhanced bioerosion prevents the build-up of the thick CCA crust necessary to build 
an algal rim. 
 
The reefs referred to by Darwin (1890) and Ferrario et al. (2014) are structural reefs, for 
example the Great Barrier Reef and coral atolls. A typical reef structure extending from 
an island to the windward ocean has a lagoon with scattered corals (Fig. 1-2, 3), a reef 
flat that is exposed at low tide (Fig.1-3), and the fore-reef that slopes down to the sea 
floor (Fig. 1-2, 3). For many well developed coral reefs, the reef flat is extensively 
colonised by CCA (Adey, 1998, Littler and Doty, 1975; Marshall and Davies, 1981, 
1982) with the algal rim protruding up to 1 metre above the surrounding substrate (Rees 
et al., 2005) thereby becoming an algal ridge. The algal dominated coral-algal rim on the 
windward side can slope down to 10-15 metres depth. The development of the algal rim, 
or ridge, is reflective of the energy environment with higher energy reefs or parts of a 
reef, generally having a more developed algal ridge than lower energy reefs (Fig. 1-2) 
(Woodroffe, 2008). This extra rim development provides crucial shoreline protection 
during severe storm events.  
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Figure 1-2: Adapted from Woodroffe (2008). The algal ridge is more prominent on reefs 
that experience high-energy events. The algal rim provides a crucial shoreline protection 
service during severe storm events.  
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Figure 1-3: Examples of different coral and CCA assemblages on the Heron Island reef. 
A. Reef slope visually dominated by corals with a CCA substrate underneath and CCA 
growing over broken and dead corals to create new substrate. B. Inter-tidal corals with 
many encrusted by CCA. C. Scattered corals emergent at low tide in the reef flat. 
 
Coral reef structures are an accumulation of both the in-situ growth structures of coral 
and CCA (Marshall and Davies, 1981, 1982; Webster and Davies, 2003, Rees et al., 
2005) as well as fine fractions of carbonate sand (itself skeletal fragments) that lodge in 
crevices (Eyre et al., 2014). The development of the structural reefs is aided by cement-
infill of pores in and between the skeletal carbonates (Macintyre 1977) and this process is 
concentrated in shallow, high-energy parts of the reefs, predominantly the reef perimeter. 
Cores through One Tree Island, southern Great Barrier Reef, show the development of 
the platform reef over the past 7500 years as sea level rose after the last glacial and then 
stabilised (Fig. 1-4) (Marshall and Davies, 1982). Reef development commences with 
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boulder corals encrusted by CCA, forming the initial structural barrier on the windward 
side of the pre-existing Pleistocene (2.5 Ma to 11.7 Kya) substrate. CCA encrusted 
branching corals are generally the principal framework support. As sea level rises, 
vertical reef growth continues and branching corals fill the protected areas in the lee of 
the structural growths and skeletal fractions (sand) accumulate in the lagoon and on the 
lee side of the reef. Once sea level has stabilised (4500 years ago), an algal platform 
develops that rims the reef on the windward side and broken coral branches form a rubble 
platform behind the algal rim. The profile obtained from One Tree Island is reasonably 
typical for other platform reef development (e.g. Webster and Davies, 2003).  
 
 
 
Figure 1-4: Time series for reef development (adapted from Marshal and Davies, 1982) at 
One-tree Island, GBR. Reef development commenced 7500 years ago as sea level (S.L.) 
rose above the Pleistocene substrate. 
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Nearby to One-tree Island, Heron Island has surficial features that are in agreement with 
the core results for One Tree Island (Fig. 1-5) (Jell and Flood, 1977). CCA form a rim 
around the lagoon edge and a platform of CCA encrusted corals behind this rim 
completes the ocean-ward structural formation. The accumulation of sand within the 
lagoon enables the development of the island and branching corals grow within the 
protected lagoon. P. onkodes is the dominant CCA on the One Tree Island and Heron 
windward reef crests (Davies et al., 1976; Marshall and Davies, 1982; Braga and Davies, 
1993; Ringletaube and Harvey, 2000). Elsewhere on the GBR P. onkodes dominates the 
CCA crust formations in the high-energy environments (Webster and Davies, 2003; 
Braga and Aguirre, 2004). However, the inner reefs of the GBR, closer to mainland 
shoreline, where there is high turbidity and lower energy do not have well-developed 
structural reefs and P. onkodes assemblages are absent (Webster and Davies, 2003). 
Visual estimates from 144 reef site studies on the GBR (Fabricius et al., 2001) found 
CCA coverage had an inverse relationship with sediment (turbidity) and that reef sites on 
the inner third of the shelf had only 1% coverage by CCA whereas it was > 20% on the 
outer shelf reefs. In contrast, near shore reefs at Ningaloo Reef, Western Australia, have 
20-55% CCA coverage and up to 80% CCA coverage over dead corals, rocks and rubble 
(Cassata and Collins, 2008). There is minimal sediment outwash across the Ningaloo 
Reef. 
 
 22 
 
Figure 1-5: Heron Island. A. Plan view of physiographic areas on Heron Is. (from Jell and 
Flood 1977) showing the CCA algal rim framing the reef. Lagoon-ward of the rim is the 
reef flat area of corals exposed at low tide and substantially encrusted by CCA. The 
sandy lagoon has scattered coral growth. B. Aerial photo of A.  
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The reconstructions of reef development from drill cores and modern surveys 
demonstrate that the CCA role not only includes providing primary substrate and binding, 
but also plays a role by encrusting the in-situ corals. This can occur whilst the corals are 
still living (Littler and Doty, 1975). It has been noted for framework-building corallines, 
that up to 50-70% of their internal skeleton consists of cement and internal sediment and 
there may be only scattered remains of the original algal skeleton (Alexandersson, 1977). 
Alexandersson proposed that part of the cementation role of CCA is to seal off the 
internal microenvironment from ambient seawater by covering it with a multicellular 
organic blanket. The organic blanket contains the calcified living layers and this may 
further enable structural reef development by preventing destructive bioerosion and 
dissolution of the internal or encrusted skeleton. 
 
1.4 Destructive processes on the reef 
There are many destructive processes acting on reefs (Fig. 1-6) and the capacity of CCA 
crusts to persist under these destructive conditions is key to the preservation of the reef 
structure.  
 
Figure 1-6: Schematic of the different destructive processes eroding the reef structure. 
Chemical and bacterial erosion can increase as atmospheric CO2 and temperature 
increase. Drawing not to scale. 
Parrotfish are major bioeroders of CCA as they can bite into the carbonate crust (Steneck, 
1983, 1986; Bruggemann et al., 1996) and penetrate on average 288 µm (Steneck 1983, p 
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51). Typically CCA on the reef will have multiple bite marks on their surface from 
parrotfish and other grazers (Fig. 1-7). 
 
Figure 1-7: Bioerosion damage to CCA by grazers and macro-borers. 
 
Chitons scrape off the CCA crust but only penetrate 10’s of microns (Steneck, 1983). As 
well as organisms that bite into the crust, there are in-faunal macro-borers such as 
sponges, bivalves, worms and endolithic microborers; bacteria, chlorophytes and fungi 
that penetrate into the crust interior and erode from within (Tribollet and Payri 2001; 
Perry and Hepburn 2008). Non-biological destructive processes include damage from 
high-energy wave events such as severe storms, cyclones, tsunamis (Madin 2005) and 
chemical dissolution of the carbonate crust (Morse et al., 2006; Eyre et al., 2014). CCA 
substrate is generally resistant to cyclone damage. A recent cyclone in May 2015 at 
Lizard Island, northern GBR, removed branching corals from the CCA reef slope 
substrate but did not damage the CCA substrate (Fig. 1-8 A, B). The CCA continued to 
grow uninterrupted after the cyclone (Fig. 1-8 C).  
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Figure 1-8. Lizard Island CCA before and after Cyclone Nathan. A. Before. B. After. C. 
CCA continue to thrive after the cyclone. Corals growing above the substrate were 
dislodged by the cyclone. Photos supplied by Emma Kennedy, Griffith University.  
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1.5 Impacts of rising atmospheric CO2 on the marine environment 
It has been proposed that the destructive force of chemical dissolution may increase as 
atmospheric CO2 rises and this could be exacerbated by changes in skeletal growth of the 
CCA. The chemistry behind this process is as follows. 
 
Marine organisms that build carbonate skeletons are dependent on the seawater chemistry 
to build those skeletons. Calcium, magnesium and carbonate ions (CO3-) are the main 
components of the three skeletal carbonate minerals, aragonite, calcite and Mg-calcite. 
These components are presently available in seawater in sufficient quantities to enable 
continued calcification by marine animals (e.g. coral, molluscs, gastropods) and plants 
(marine algae). However, these calcification processes are under threat (Orr et al., 2005) 
from changes in the seawater chemistry as a result of increasing anthropogenic CO2 
emissions (Kleypas et al., 1999; Hoegh-Guldberg et al., 2014) that will lead to a 
reduction in CO3- concentration. As atmospheric CO2 rises, a proportion of the extra CO2 
enters the surface ocean resulting in a decline in the marine pH, a process known as 
ocean acidification (OA) (Caldeira and Wickett, 2003).   
 
The chemistry driving OA is well known and accepted (Kleypas et al., 1999; Hoegh-
Guldberg et al., 2014). The introduction of CO2 into seawater creates carbonic acid. 
 𝐶𝑂! +   𝐻!  𝑂   →   𝐻!  𝐶𝑂!      (1.1) 
 
The carbonic acid disassociates in water, breaking apart to its constituent hydrogen and 
bicarbonate ions. 
 𝐻!  𝐶𝑂!   →   𝐻! + 𝐻𝐶𝑂!!     (1.2) 
 
The presence of the extra hydrogen ions increases the acidity of the water thus lowering 
the pH. The threat to marine calcifying organisms and coral reef systems is threefold. 
Firstly, most of the hydrogen ions will combine with carbonate ions to form bicarbonate. 
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 𝐻! +   𝐶𝑂!!!   →   𝐻𝐶𝑂!!                    (1.3) 
 
This reaction reduces the concentration of carbonate ions available for skeleton building 
by organisms (e.g. Kleypas et al., 1999; Orr et al., 2005), calcification rates can decrease 
(e.g. Riebesell et al., 2000; Albright et al., 2008) and skeletons may be malformed (e.g. 
Langer et al., 2006), although some calcifiers can use HCO3- and others show no change 
in low pH environments (e.g. Comeau et al., 2013a, b). Secondly, the extra H+ results in 
increased dissolution of existing carbonate skeleton and carbonate sands necessary for 
reef building (e.g. Andersson et al., 2007; Yamamoto et al., 2012; Eyre et al., 2014). 
 𝐻! +   𝐶𝑎𝐶𝑂! →   𝐶𝑎!! +   𝐻𝐶𝑂!!            (1.4) 
 
Thirdly, organisms may suffer negative physiological responses in metabolic processes 
that may impair early growth processes and neurological functions (e.g. Christensen et 
al., 2011; Simpson et al., 2011; Munday et al., 2014).  
 
The global oceans have absorbed approximately 30% of anthropogenic CO2 emissions 
since the pre-industrial era (Sabine et al., 2004). This has already led to a decline in 
seawater pH of 0.1 pH units from ~ pH 8.2 to 8.1 and a further decline of 0.3- 0.4 pH 
units is expected by the end of this century (Orr et al., 2005) if current emissions continue 
unabated as for the high-carbon-emission business-as-usual scenario Intergovernmental 
Panel on Climate Change (IPCC) Representative Concentration Pathway (RCP) RCP 8.5, 
(Bopp et al., 2013; Hoegh-Guldberg et al., 2014) (Fig. 1-9). Even under the most 
optimistic emission-mitigation scenario (RCP 2.6), pH will continue to decline until 
2050.  
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Figure 1-9: Predicted sea surface pH changes for the range of IPCC RCP scenarios (Bopp 
et al., 2013). 
 
1.6 Impacts of rising atmospheric CO2 on structural reef development 
Rising pCO2 can act to directly or indirectly increase the rates of the destructive 
processes affecting the reef so that erosion of the substrate accelerates. Direct effects 
include increasing rates of carbonate chemical dissolution as pH declines (Anthony et al., 
2008; Morse et al., 2006) and potentially an increase in intensity of high-energy 
destructive wave events (Knutson et al., 1998) although there is contradictory modeling 
indicating reduced frequency and intensity (e.g. Bengtsson et al., 1996; Gleixner et al., 
2014). Indirect effects are likely to come from increased bacterial erosion (Manzello et 
al., 2008; Diaz-Pulido et al., 2012; Reyes-Nivia et al., 2013). The second way rising CO2 
may lead to increased erosion rates is if the skeletal structure of calcifying organisms 
growing in reduced pH conditions changes so they become weaker and less able to resist 
breaking-up or dissolving. Skeletons of a variety of calcifying organisms grown in CO2-
enriched treatments experienced decalcification (Fine and Tchernov, 2007; Johnson et al., 
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2012) increased porosity, (Fantazzini et al., 2015), changes to skeletal organisation 
(Hofmann et al., 2012; Ragazzola et al., 2012) weakening shell strength (Welladsen et al., 
2010) and deformations (Bramanti et al., 2013).  
 
While there are concerns for the future role of CCA in cementing the reef structure (e.g. 
Kuffner et al., 2007; Anthony et al., 2008, Johnson et al., 2014) there have been no 
studies on tropical CCA to document exactly how the CCA contributes to reef 
cementation, the properties that control their capacity to resist physical, biological and 
chemical erosion or how these properties may change under higher CO2 scenarios. 
Answering these questions is the overriding goal of this thesis. 
 
1.7 Specific aims 
In order to answer the above questions, there are several related open questions that first 
need to be resolved. These relate to: - identification of the CCA mineral composition; 
application of nanoindentation techniques to obtain physically meaningful results; 
detailed description of calcification features in the reef-building CCA crust; 
understanding mechanical properties of reef-building CCA; why CCA build thick crusts 
on the fore reef but not in the reef flat and the effect of CO2 on reef-building properties of 
CCA. 
 
1.7.1 Aim 1 - Develop X-ray diffraction methods to identify and quantify mineral 
phases present 
A fundamental question when characterising the properties of a substrate is – what is the 
substrate made of? This becomes vitally important when testing hypotheses that rely on 
changes in magnesium content in the CCA. For example, one of the key hypotheses 
proposed (Andersson et al., 2008) is that as pCO2 rises, there may be less magnesium 
incorporated into the Mg-calcite crust and consequently the skeleton will become more 
stable and less susceptible to dissolution. Should this occur, then, potentially the reef-
building capacity, with regards to skeletal stability, of the CCA may not be negatively 
affected by rising pCO2. Thus precise determination of magnesium composition is a 
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necessary part of any study aiming to characterise changes in CCA crust in different 
treatment conditions.  
 
Typically, X-ray Diffraction (XRD) is used to identify the mineral composition of CCA 
(e.g. Chave, 1954; Milliman et al., 1971; Ries, 2011). This technique relies on the shift in 
the (104) calcite peak towards smaller d-spacing that occurs with increasing amounts of 
magnesium substitution (Chave, 1952). In principle, the technique relies on Vegard’s law 
that there will be a linear relationship between the crystal lattice constants and 
concentrations of constituent elements. Using bulk magnesium measurement results 
together with the shifts in (104), an equation can be derived to calculate the amount of 
magnesium substituting for calcium (Chave, 1952; Goldsmith et al., 1955; Goldsmith and 
Graf, 1958). Each researcher has produced slightly different equations dependent on the 
samples used. However, for the tropical coralline algae the amount of magnesium 
measured by bulk methods could be up to double that derived by the XRD method and it 
was determined that XRD was not suitable for calculating the Mg content of tropical 
coralline algae (Chave, 1954; Milliman et al., 1971).  
 
The recent discovery of dolomite and magnesite in P. onkodes (Nash et al., 2011) 
demonstrated that the excess magnesium in tropical CCA was present as these other 
magnesium minerals. For CCA that had these extra minerals present, on their XRD scans 
there was a noticeable asymmetry off the lower d-spacing (higher Mg content) side of the 
Mg-calcite peaks. Comparable asymmetry had been noted in earlier studies on coralline 
algae mineralogy (e.g. Chave, 1952; Milliman et al., 1971) and had been attributed to 
higher Mg phases of Mg-calcite, i.e. up to 30 mol% MgCO3 (e.g. Milliman et al., 1971). 
It is now known that this asymmetry can represent the presence of dolomite and 
magnesite (Nash et al., 2011). However, there is no method to numerically assess the Mg-
calcite peak asymmetry to allow quantitative descriptions and comparisons. Nor has there 
been a crystallographic characterisation of the dolomite phases present in CCA to enable 
quantification using standard methods of curve fitting such as for Rietveld refinement 
(Hunter, 1998).  
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Accurate identification of the CCA mineral composition underpins a large part of this 
thesis.  
 
To meet Aim 1- Develop X-ray diffraction methods to identify and quantify mineral 
phases present, the following objectives are pursued in chapter 3: 
  
1. Develop methods to identify the presence of dolomite 
2. Assess the reliability of using XRD to calculate mol% MgCO3 for Mg-calcite 
3. Develop methods to identify the composition of dolomite phases 
4. Utilise peak asymmetry for quantitative assessments 
5. Determine if CCA dolomite is ordered or disordered 
 
The theory and technical specifications of XRD equipment used are described in chapter 
2. 
 
1.7.2 Aim 2 - Determine nanoindentation methods to obtain information relevant 
for identifying reef-building mechanical properties  
There have been no published studies to determine the mechanical properties of CCA. As 
such, there is no established method that can be applied for this thesis work. The CCA 
crusts may be only millimetres thick, and, within the crust the composition can vary at 
the micron scale. Therefore, a method is needed that can be applied to small samples and 
reveal changes at the micron scale. Nanoindentation is a useful technique for 
investigating micro-scale mechanical properties because the indent tip can be positioned 
at discrete locations on a sample and the load controlled, so that specific properties can be 
measured.  
 
A fundamental part of this study is to investigate the application of nanoindentation for 
identifying the key reef-building mechanical properties of CCA. Nanoindentation has 
been widely applied to determine the hardness and elastic modulus mechanical properties 
of biominerals and biocomposites formed by organisms of the animal kingdom (Enders et 
al., 2003), for example, human teeth (Tesch et al., 2001; Ang et al., 2011), cow and sheep 
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bones (Montalbano and Feng, 2011) and insect cuticles (Hayot et al., 2013). Marine 
organisms of the animal kingdom have also been studied using nanoindentation; abalone 
(Barthelat et al., 2006), gastropods (Bruet et al., 2006), squid beaks (Miserez et al., 2008), 
pteropods (Tenniswood et al., 2013), chitinous black corals (antipatharians) (Juarez-de la 
Rosa et al., 2012) (although corals have symbiotic algae, the coral itself is an animal not a 
plant) and echinoderms (Moureaux et al., 2010). Skeletal features constraining fracture 
properties can be exposed using nanoindentation (e.g. Barthelat et al., 2006) and the 
fracture toughness of a range of biominerals has been determined using nanoindentation 
(Kruzic et al., 2008).  
 
More recently, nanoindentation has been utilised to look for differences in hardness and 
elastic modulus in the shells of marine molluscs, blue mussels Mytilus edulis (Fitzer et 
al., 2014) and calcareous tubes formed by marine serpulid worms (Li et al., 2014) grown 
in different CO2 treatments.  
 
However, nanoindentation has not yet been applied to bio-minerals formed by marine 
plants, i.e. calcifying algae. As such, it is not known firstly whether the techniques and 
interpretation routinely applied for biological substrates cited above will return reliable 
data for CCA. Reliable and consistent nanoindentation data are dependent on a flat 
surface and samples are typically highly polished to achieve the required smooth surface. 
In contrast to many of the previous studies cited, the CCA have micron-scale porosity 
and variations in mineral composition that may impede the straightforward acquisition of 
reliable indentation data. Secondly, presuming that reliable data can be obtained, is the 
data physically meaningful? That is, what will differences in hardness and elastic 
modulus measurements or fracture toughness tell us about the cementation mechanisms 
of CCA that enable structural reef development and can this data be used to detect CO2-
induced changes?  
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To meet Aim 2 - Determine nanoindentation methods to obtain information relevant for 
identifying reef-building mechanical properties, the following objectives are pursued in 
chapter 4 
1. Determine the appropriate parameters to obtain reliable hardness and elastic 
modulus measurements using a Berkovich tip on a homogeneous biological 
carbonate, coral. 
2. Using the parameters determined from objective 1, determine if the same methods 
can be applied to CCA to obtain reliable hardness and modulus results. 
3. Assess the utility of high load indentation using a 1mm tip over a representative 
composite area in CCA. 
4. Determine appropriate parameters to obtain reliable fracture toughness 
measurements on a homogenous biological carbonate, coral. 
5. Using the parameters determined from objective 4, determine if the same methods 
can be applied to CCA to obtain reliable results. 
6. Assess which of these methods provides the most physically meaningful results in 
the context of structure reef development. 
 
The theory of nanoindentation and technical specifications of equipment used are 
described in chapter 2. 
 
 
1.7.3 Aim 3 – Describe calcification of reef-building CCA P. onkodes  
Typically studies on mechanical properties of any material include detailed observations 
of the physical response of the material to the force applied (e.g. Chamberlain, 1978; Ma 
and Qi, 2010). Similarly, studies on the effects of OA on marine skeletons generally 
include detailed SEM observations of control samples compared to those grown in CO2-
enriched treatments (e.g. Hofmann et al., 2012; Ragazzola et al., 2012; Bramanti et al., 
2013). To have a chance of understanding the mechanical properties of CCA that enable 
structural reef development and how these may change under OA conditions, it is vital to 
have a detailed understanding of what a typical reef-building CCA crust looks like at the 
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micro-scale. Furthermore, from this visual information, hypotheses can be developed 
about how the different skeletal components may be formed.  
 
Surprisingly there is no published, or unpublished work that I am aware of, characterising 
the micro-structural skeletal features of P. onkodes. In books on red algae the reviews of 
calcification are brief, for example 1-3 pages (Cole and Sheath 1990; Lobban and 
Harrison 1994).  This includes work on articulated corallines that seem to have had the 
most study, and the aragonitic Peysonnellia. This absence of skeletal characterisation is 
an unexpected gap in the literature considering that it has long been recognised that P. 
onkodes is the dominant tropical reef-encrusting CCA (Littler and Doty, 1975). Detailed 
skeletal charactisation has been carried out on many species of reef corals (e.g. Cohen 
and Holcomb, 2009) characterising the skeletal features thus enabling understanding of 
how they build their skeletons and allowing the potential effects of OA to be anticipated. 
Similar work has not been undertaken for tropical CCA. For example, while it is 
presumed that the cell wall calcification enables the CCA to carry out the cementation 
role, there are no published images of a P. onkodes cell wall. Therefore, it is impossible 
to demonstrate whether or not changes in pCO2 have altered normal calcification without 
the knowledge of what normal is. It is not known if P. onkodes has radial Mg-calcite 
forming their cell walls as has been shown in temperate CCA (Adey et al., 2005; Adey et 
al., 2013) or if the spaces between cells, inter-filament regions, have differing crystal 
morphology from the cell walls as has been observed for the studied temperate species. 
There is taxonomic work identifying the reproductive features (e.g. Ringeltaube and 
Harvey, 2000), but predominantly this work is undertaken on decalcified samples, i.e. 
placed in acid to remove the Mg-calcite prior to study. Describing how the Mg-calcite is 
present is the first step to understanding how it forms. Understanding controls on skeletal 
formation is necessary to start anticipating how rising pCO2 may affect skeletal growth.  
 
Despite the higher rates of endolithic bioerosion in warmer temperatures compared to 
cooler temperatures (Diaz-Pulido et al., 2012) tropical P. onkodes crust accumulation 
manages to outpace bioerosion to build a thick crust. It is not known what physical 
characteristics of the P. onkodes crust enable this build up to occur as there has been no 
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detailed study of the CCA crust parts that have visibly been subjected to endolithic boring 
activity but retain their thick crust.  
 
It has been well documented (Steneck, 1983, 1986) that CCA can respond to bite damage 
with rapid new cell growth over the damaged area and these new cells originate from 
proximal undamaged crust. However, the cell structure of this wound repair growth has 
not been studied to ascertain if the cell wall structure is different from the normal growth. 
If this is different, then there may also be a different response of wound repair growth to 
rising pCO2 compared to the normal crust. 
 
Because the discovery of dolomite and magnesite in living CCA is only recent, there is 
no literature at all on their crystal morphology, detailed distribution throughout the crust 
or constraints on formation. Considering these gaps in the state of knowledge on CCA 
calcification, a fundamental aim of this thesis is to describe at a micron scale, the skeletal 
features of typical reef-building CCA P. onkodes.  
 
To meet Aim 3 – Describing calcification of reef-building P. onkodes, the following 
specific objectives are pursued in chapter 5 
1. Using SEM, image the skeletal features for the differing calcification types found 
within the crust 
2. Using information from objective 1, develop a hypothesis for dolomite formation 
3. Using information from objectives 1 and 2, develop a model for P. onkodes 
calcification 
 
 
1.7.4 Aim 4 – Describe the mechanical properties of reef-building CCA P. onkodes 
As already mentioned, there have been no studies on the mechanical properties of reef-
building CCA. This gap in knowledge is addressed by a comprehensive analysis of the 
differing mechanical properties throughout the CCA P. onkodes crust. The following 
specific objectives are pursued in chapter 6: 
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1. Using the methods established in chapter 4, determine the hardness and elastic 
modulus for the different crust components described in chapter 5. 
2. Using the methods established in chapter 4, determine the fracture toughness for 
the different crust components described in chapter 5 
3. Develop a model for the cementation mechanism of reef-building CCA 
4. Consider how the identified mechanical properties contribute to the overall 
strength of reef-building CCA 
 
1.7.5 Aim 5 - Determine what physical properties enable development of thick 
reef-building CCA crusts 
It has been well established that the thickest CCA crusts are found in the shallow high-
energy habitats of the coral reefs and this is dominated by P. onkodes (Littler and Doty, 
1975). However, P. onkodes is also found in a wide range of other environments 
including the coral reef lagoons and reef flat (Ringeltaube and Harvey, 2000) but do not 
form the reef-building crusts as found on the reef front. Why is that? Is there a difference 
in the crust composition or structure of P. onkodes growing in these environments that 
inhibits thick crust development or persistence? If there is a difference, what can that tell 
us about the crust features that are necessary to enable thick crust, and consequently, 
structural reef development. Furthermore, although Mg-calcite is meta-stable, little is 
known about the contribution of dolomite to the overall crust resistance to dissolution. 
Understanding the dissolution response of CCA dolomite is important because coral reef 
lagoons can experience extreme diurnal fluctuations in pH that result in carbonate 
dissolution overnight (Santos et al., 2011). For synthetic Mg-calcites, the higher the 
amount of Mg, the higher the rates of dissolution (Morse et al., 2007; Andersson et al., 
2008). However, although dolomite has ~50 mol% MgCO3, this does not translate into 
higher dissolution rates than Mg-calcite. Instead, dolomite is considered a stable mineral 
(Morse et al., 2007) and there is a noted positive correlation in the geologic record of 
dolomite with greenhouse epochs (Given and Wilkinson, 1987) suggesting dolomite can 
persist in times of elevated pCO2. 
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To meet Aim 5- Determine what physical properties enable development of thick reef-
building CCA crusts, the following specific objectives are pursued in chapter 7: 
1. Undertake a field survey at Heron Island and collect CCA P. onkodes samples 
from the reef flat and fore reef 
2. Compare the crust thickness, endolithic colonisation, mineral composition and 
calcification of the reef flat (non-reef building) CCA to the fore reef CCA 
(structural reef building) characterised in chapter 5 
3. Compare the mechanical properties of the reef flat CCA to the fore reef CCA 
characterised in chapter 6 
4. Consider these results in the context of the three main destructive forces on the 
reef; bacterial, physical and chemical erosion and specifically determine the 
influence of dolomite on net dissolution. 
5. Develop a model for structural reef development based on results of objectives 2, 
3, and 4. 
 
 
1.7.6 Aim 6 – Determine effects of CO2 on reef building properties of CCA 
The key reef-building property of CCA has been presumed to be their capacity to form 
Mg-calcite within their cell walls (Littler and Doty, 1975). The concerns with regard to 
the potential impacts of OA are that the CCA will either not be able to form the Mg-
calcite or, their skeleton will be more susceptible to dissolution because of the high Mg 
content (Andersson et al., 2008; Ries, 2011). It has been proposed that the Mg content of 
Mg-calcite organisms may decline as pCO2 rises and this may result in the carbonate 
becoming more thermodynamically stable (Andersson et al., 2008). Therefore, there is 
the possibility that the CCA may change their Mg uptake in response to rising pCO2 and 
become more thermodynamically stable. Only one study to date has measured a decrease 
in the mol% MgCO3 for CCA, tropical branching Neogoniolithon (Ries 2011). Other 
studies found no change in new settlement tropical CCA, unidentified species, (Kuffner 
et al., 2009), or a decrease only in discrete parts of new growth in the temperate 
articulated Corallina elongate (Egilsdottir et al., 2012). Studies into calcification 
response of temperate articulated Corallina officinalis to elevated CO2 have found that 
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the cell wall calcification continued to form apparently unaffected (Hofmann et al., 2012) 
but that the area between the cells, inter-filament region, suffered decreased calcification.  
 
There have been no studies on Mg uptake in reef-building thick crust CCA, or on P. 
onkodes in particular. Thus, it is not known if these will change their Mg uptake or 
calcification in response to changes in pCO2. As the discovery of dolomite in CCA is 
only recent, there have been no experimental studies to determine if, or how, dolomite 
formation may be affected by rising pCO2. Furthermore, there is a noted increase in 
bacterial bioerosion in elevated pCO2 conditions (Manzello et al., 2008; Diaz-Pulido et 
al., 2012). 
 
To meet aim 6 – Determine effect of CO2 on reef building properties of CCA, the 
following specific objectives are pursued in chapter 8: 
1. Compare dissolution rates for CCA under elevated CO2 conditions 
2. Analyse mineral composition and mechanical properties of CCA from 3-6 month 
CO2 growth experiments 
3. Analyse mineral composition and bacterial activity in CCA from 8 week CO2 
growth experiment  
4. Analyse mineral composition, bacterial activity and mechanical properties of 
CCA from a field survey at a natural CO2 gradient in Papua New Guinea 
5. Use results from objectives 1-4 to adapt models for CCA reef-cementation 
developed in chapters 6 and 7, to incorporate affects of CO2 on reef-building 
properties of CCA. 
 
A summary of the main findings is presented in chapter 9, along with suggestions for 
future work. 
 
A comment on the order of work 
Due to availability of samples and resources, the CO2 experimental work and analyses in 
chapter 8 were carried out prior to the Heron survey and associated detailed crust 
characterisation of fore-reef and reef flat CCA (chapters 5, 6, 7). Ideally the order would 
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have been reversed and the CO2 experiments carried out after a detailed understanding of 
crust features was obtained. However, it was not until after the results were published for 
the first CO2 experiments that funding became available for the Heron survey and 
associated analytical work. Consequently, some of the discussions and conclusions drawn 
in the associated published papers for the dissolution and CO2 experiments do not include 
information presented in this thesis.  
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2 Experimental Techniques  
 
This chapter describes the key experimental techniques used for this thesis. Firstly, an 
overview of sample collection, preservation processes and problems are described, 
specific sample collection and aquaria experimental techniques are referred to in the 
relevant chapters or supporting references. Secondly, the X-ray diffraction methods 
underpinning the analyses of data are described. There is a description of scanning 
electron microscopy techniques and sample preparation problems. Finally, 
nanoindentation theory and equipment used for analyses are included.   
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2.1 Sample collection and preservation 
Samples used in this thesis have been provided by a variety of colleagues over 3 years. 
Each collection and preservation protocol is referred to in the relevant chapters. Samples 
of crustose coralline algae (CCA) for the main X-ray diffraction (XRD), Scanning 
electron microscopy (SEM) and indentation work have been sourced from Lizard Island 
(northern Great Barrier Reef), Davies Reef, (mid GBR), Heron Island, (southern GBR) 
and Milne Bay, Papua New Guinea (Figure 2-1).  
 
Generally samples are chipped off the reef, air dried, and may be packed with silicon 
beads. Samples are not bleached as this has been shown to result in changes to the XRD 
patterns (Nash et al. 2011). Once samples are prepared for SEM, i.e., cut and placed on 
SEM stubs, they are no longer kept with silicon beads. SEM undertaken in the final 
months of the thesis work showed that skeletal features in some samples had changed 
since the time of collection and first examination by SEM (discussed in appendix 2). 
Possibly, organic material within the crust is absorbing water from the atmosphere and 
this leads to the observed changes. Problematically, when these altered samples were re-
indented, the nanoindentation response was different to unaltered samples. Fortunately, 
the main sample set used for the crust characterisation and Heron Island survey work was 
analysed within 18 months of collection and the samples showed no sign of alteration. 
The alteration appeared restricted to samples that contained abundant dolomite and was 
restricted to areas of crust that had dolomite.  
 
This capacity for alteration indicates that the preservation techniques presented in this 
thesis, and used generally, may not be the most appropriate for dolomite-containing 
CCA.  
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Figure 2-1: Map showing sample locations over a false-colour image showing the gross 
geomorphology and bathymetry of the reef regions. Adapted from Mathews et al. (2007).  
 
 
 43 
2.2 X-ray diffraction 
2.2.1 Theory 
X-ray diffraction is a widely used technique for identifying minerals. It is based on 
Braggs diffraction principles, first formulated over 100 years ago by father and son team 
William Henry Bragg and William Lawrence Bragg (Bragg and Bragg, 1913). The 
Braggs measured the X-ray reflection off crystals and showed this information can be 
used to determine the distance of plane from plane in the crystal lattice (d-spacing). Each 
mineral has a unique X-ray diffraction pattern.  
 
XRD has been applied for the determination of the Mg content (mol% MgCO3) of CCA 
Mg-calcite since the early 1950’s (Chave, 1952; Goldsmith et al., 1955) and is still in use 
(e.g. Kuffner et al., 2007; Ries, 2011). The technique uses the calcite (104) peak position 
to calculate how much magnesium has substituted for calcium in the calcite lattice. 
Because Mg2+ has a smaller ionic radius than Ca2+ (0.72 Å compared to 1.06 Å, 
respectively) (Shannon, 1976), the more magnesium substituted into the calcite lattice, 
the smaller the distance between the crystal lattice planes (d-spacing). This shift in d-
spacing allows the calculation of the magnesium content in calcite. Researchers using 
XRD for coralline algae noticed that the tropical coralline algae often had an 
asymmetrical Mg-calcite peak (Chave, 1952; Milliman et al., 1971) and that the amount 
of magnesium by bulk methods, for example, wet chemistry, was often substantially 
higher than the amount determined by XRD, sometimes double [historical background 
reviewed at length in Nash 2011 (Masters thesis) and included in Nash et al., 2013b]. The 
discovery of two more Mg-rich minerals, namely a carbonate with dolomite composition 
and a Mg-phase, possibly magnesite, in tropical CCA (Nash et al., 2011) explained the 
presence of this excess magnesium. Dolomite composition ranged from 38-62 mol% 
MgCO3 as measured by SEM-EDS and the overlap of the dolomite XRD peak with the 
Mg-calcite peak results in the noted asymmetry of the Mg-calcite peak. It was 
documented in Nash et al. (2011) that there were different degrees of asymmetry for the 
CCA. The work in chapter 3 on XRD application picks up from Nash et al. (2011) and 
develops methods for utilising this asymmetry to extract information about the 
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composition of the dolomite phases present, relative abundance of dolomite and mineral 
phase quantification.  
 
2.2.2 Equipment 
Powder XRD was carried out at the Australian National University using a SIEMENS 
D501 Bragg-Brentano diffractometer equipped with a graphite monochromator and 
scintillation detector, with CuKα radiation. Samples were milled by hand in an agate 
mortar, some with fluorite added as an internal standard, and suspended on quartz-low 
background holders. Scan range were either full scans from 2-70 degrees 2-theta, or short 
scans 25-33 degrees, measuring the aragonite, fluorite and Mg-calcite (104) peaks.  
settings were generally step size of 0.02° and scan speed of 1° /minute. The chosen 
settings depended on task, sample quality and quantity. A select number of samples were 
run for repeated scans over 2-3 days using slower scan speeds of 0.3° /minute in order to 
obtain scans with lowest background noise when looking for dolomite ordering peaks. 
The results were interpreted using the SIEMENS software package, DiffracPlus Eva 10 
with ICDD database PDF-2 for identification, and RIETICA (Howard and Hunter, 1998) 
for Rietveld refinement.  
 
2.3 Scanning electron microscopy 
This work relies heavily on scanning electron microscopy combined with energy 
dispersive spectroscopy (SEM-EDS) to confirm the results of XRD and to show the 
mineral distribution within the crust. SEM works by scanning a focused beam of high 
energy electrons (e.g. 15keV) in a raster across the sample surface. The signals resulting 
from the interaction of the primary beam at each position in the raster can be used to 
produce an equivalent, but magnified, image on a display monitor. Typical signals 
available for SEM observation are secondary electrons, backscattered electrons and 
characteristic X-rays. Secondary electrons (SE) arise due to inelastic collisions of the 
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primary beam electrons with outer shell electrons of specimen atoms. This interaction 
transfer leads to the ejection of some of the outer shell electrons leaving them free to 
move throughout the sample. As secondary electrons are typically low in energy (<50eV) 
only those that are generated within approximately 20nm of the surface are able to escape 
the surface and be detected. SE images therefore display great sensitivity to surface detail 
and the topography of the sample and are best suited for high-resolution imaging. 
Backscattered Electrons (BSE) arise due to elastic scattering of the primary beam 
electron with the nucleus. The scattering angle can be up to 180 degrees causing some of 
the primary beam electron to exit the sample surface after only one or a few elastic 
scattering events. The resulting ‘backscattered’ electrons are typically high in energy (up 
to the beam energy, e.g. 15keV), with the proportion of backscattering events increasing 
monotonically with the average atomic number of the sample. Images using the BSE 
signal therefore provide a grey scale map of the surface where lower average atomic 
number regions show as darker greys and the areas of higher average atomic number will 
be a lighter grey (JEOL 2014) (Figure 2-2). For the CCA this means that regions that are 
high in magnesium will show as a darker grey when compared to regions containing 
higher calcium.  
 
In order for the electrons to be conducted across the surface the sample has to be coated 
with an electron conductive coating of either carbon or platinum. Because the main 
minerals present are known from the XRD, the ratio of Mg:Ca measured by spot EDS 
enables identification of the minerals represented by the range of BSE grey-scales. The 
mineral composition of micron-scale skeletal features can be determined by combining 
the information from the BSE, EDS and XRD with high-resolution SE imaging.  
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Figure 2-2: Examples of different SEM settings. A. Unpolished sample 25mm working 
distance (WD), 15kV, BSE, carbon coated, 60 µm aperture. B. Polished, platinum coated, 
11 mm WD, 15 kV BSE. 60 µm aperture. C. Same area as for B but with 3mm WD, 3 
kV, secondary electron imaging, platinum coating, 30 µm aperture. Mg-C - Mg-calcite, 
Mg – magnesite, D – dolomite. 
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To obtain the highest precision EDS measurement, samples are usually polished to a flat 
surface (e.g. Nash et al., 2011). However, after carrying out an etching experiment 
(details in Chapter 7, Heron Survey), it was noted a thin organic film covered parts of the 
surface and the remainder appeared to have been removed by the etching. Possibly this 
film was due to the polishing preparation where those samples were embedded in resin 
and polished for a total of 20 minutes using a mechanical polisher (Appendix 2). 
Subsequent samples were either only fractured, or lightly polished by hand. 
 
Obtaining high-resolution images of the CCA has particular challenges because of the 
combination of mineral and organic materials and due to the porous nature of the surface. 
The organics make the sample susceptible to damage from the beam when working at 
close focus or taking EDS measurements. Micron-scale porosity can result in beam 
charging at the surface where the carbon or platinum has not extended into depressed 
areas such as the cell vacuoles. The charging shows up as a bright white area in SE and 
upsets imaging of the features. This problem can be partially circumvented by reduction 
of the accelerating voltage. Lower voltage is used for higher resolution imaging when 
BSE and EDS is not required. Furthermore a range of aperture sizes can be used. Smaller 
apertures provide high-resolution imaging (Fig. 2-1). Another alternative for imaging is 
to use the in-lens detector and this is particularly useful for high-resolution close-ups 
(examples in Chapter 5, characterisation).  
 
The two SEM instruments used were a Zeiss UltraPlus field emission scanning electron 
microscope (FESEM) equipped with an Oxford Inca EDS as well as a Hitachi 4300 SE 
equipped with an Oxford X-Max EDS detector. These were operated at 3-15.0 kV and 3-
25 mm working distance. At 15 kV, the voltage used for EDS, the beam has an 
interaction volume of ~3 µm within the carbonate. Most of the areas of interest within the 
CCA are widths of 1-2 µm. Thus this interaction volume is a complicating factor when 
collecting EDS spectra for specific skeletal parts. Selecting the widest part of the feature 
and making many measurements for a representative average enabled this problem to be 
largely overcome.  
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2.4 Nanoindentation 
The technique of nanoindentation pushes a sharp tip with a known geometry into the 
surface of a sample, while continuously measuring the tip displacement and load (Oliver 
and Pharr, 1991). These measurements are used to calculate hardness and elastic 
modulus. The hardness of a sample is a measure of the materials resistance to permanent 
deformation. Elastic modulus is a measure of material stiffness, that is, the tendency of a 
material to deform elastically when force is applied. The higher the modulus the more the 
material rebounds after force is removed. Nanoindentation can be used for testing the 
fracture toughness of a material. For this test, a load is applied to a sample until cracks 
are generated. The length of the crack propagation from the corners of the residual indent 
is measured and used to determine the fracture toughness. The advantage of 
nanoindentation over macro-scale testing is that only a small amount of sample is 
required, it can be site-specific and it is non-destructive. 
 
2.4.1 Theory 
Nanoindentation operates by using an indent tip probe of known geometry to apply a 
specified load onto a flat polished surface. The tip predominantly used in this study was 
the Berkovich diamond tip, triangular pyramidal shape which has the angle from one 
edge to the opposite side of 142.3o. The angle from the perpendicular to one face is 65.3o. 
A large 1 mm radius spherical tip was also used. The material deforms under the load 
(Fig. 2-3) and as the load is lifted there is partial recovery of the indent impression. The 
parameters continuously measured are load (P) and depth (h). The different depth 
displacements shown in figure 2-3, are used to calculate the mechanical properties of 
hardness and elastic modulus. The degree of recovery of the maximum indent depth after 
the tip is unloaded is dependent on the properties of the material.  
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Figure 2-3: Cross section schematic of an indentation section (Oliver and Pharr, 1992) 
using a sharp tip. h is depth. hc- contact depth, hmax- maximum depth, hs =hmax-hc, hf final 
depth after unload, a- width of contact from tip point to contact edge. 
 
The load and displacement depth are used to produce a load and unload curve (Fig. 2-4).  
 
Figure 2-4: A schematic load and unload curve for continuous nanoindentation. Stiffness, 
S, is the slope of the initial unloading curve. Curve for CCA sample. 
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The slope of the unload curve (Fig. 2-4) is used to calculate material stiffness, S. Using S 
and maximum depth (hmax) from figure 2-3, the contact depth (hc) can be calculated (Eqn. 
2-1).  
 ℎ! = ℎ!"# − 0.75   !!"#!     (2-1) 
 
where 0.75 is a constant and Pmax is the maximum load. From the contact depth (hc) the 
contact area (Ac) can be calculated (Eqn. 2-2) using the tip area function  
 𝐴! = 24.5ℎ!!                   (2-2) 
 
where 24.5 is a constant for the Berkovich pyramidal tip. Different tip shapes have 
differing tip area functions. The sharp tip can become blunted over time. As the 
calculations are dependent on the geometry and therefore surface area of the tip being 
known, it is necessary to regularly calibrate the area of the tip. This calibration is shown 
at the end of this section. Once the contact area (Ac) is known, the hardness (H) can be 
calculated (Eqn. 2-3), which is simply applied load (Pmax) divided by contact area. 
 𝐻 = !!"#!!       (2-3) 
 
The reduced elastic modulus (Er) is calculated (Eqn. 2-4) using the unload stiffness (S) 
(Fig. 2-4) and calculated contact area, (Eqn. 2-2). 
 𝐸! = !!    !!!      (2-4)  
 
The reduced elastic modulus (Er) calculated from nanoindentation includes a contribution 
from the modulus of the tip. To obtain the elastic modulus for the material, the Poisson’s 
ratio of both the tip and the material needs to be known (the Poisson’s ratio is the amount 
the material expands perpendicular to the direction of the force applied, that is, like the 
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sides of a sponge bulge outwards when force is applied to the top flat surface). The 
Nanoindentation modulus is referred to as the reduced modulus and is related to elastic 
modulus by the following equation (2-5) 
 !!! = !!!!!!! + !!!!!!!                                                      (2-5) 
 
where Ei and vi are the modulus and Poisson’s ratio respectively of the indenter, and, Es 
and vs are the modulus and Poisson’s ratio respectively of the sample. The elastic 
modulus referred to throughout this thesis is the reduced modulus. 
 
2.4.2 Fracture toughness 
Traditional fracture toughness measurements use a variety of 3 or 4 point bend tests. 
These require a sample large enough to be cut into a beam and loaded to failure (e.g. Lim 
et al., 1994). The measurement of fracture toughness from indentation cracks evolved 
from the observations by Palmqvist (1957) that the length of the cracks from the corners 
of the indent were proportional to the applied force and the proportionality co-efficient 
was dependent on the material (Dukino and Swain, 1992). For fracture toughness to be 
measured using this principle, it is necessary for cracks to propagate externally from the 
corners of the indent impression. Cracks propagating laterally from the Berkovich tip are 
referred to as radial or Palmqvist crack systems. The material breaks apart along the 
length of the crack and this is referred to as mode I fracturing (Palmer and Croasdale, 
2013). The length of the crack extensions are measured and used with the length from the 
centre of the indent to the corner (Fig. 2-5), together with the hardness and modulus of 
the material to calculate the fracture toughness (Eqn. 2-6) (Laugier, 1987). 
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Figure 2-5: Fracture measurement. A. Schematic of fracture indent. The average of crack 
length (c), indent impression (a) and length from edge of indent impression to crack 
extinction (l) are used in the fracture toughness equation. * indicates a Berkovich tip 
(Dukino and Swain, 1992). B. Example of fracture indent on coral. 
 𝐾!" =   𝑥!    !! !! !! !! !!∗!!        (2-6)    
                             
where xb= 0.16, a constant for the Berkovich tip (Dukino and Swain, 1992), E and H are 
elastic modulus and hardness, F is load, a, l, and c are crack lengths shown in figure 2-5, 
KIC is for fracturing of mode I type crack, units are MPa m1/2. This equation is a modified 
version of that used for Vickers tips (cube cornered) with the xb constant enabling the 
final results to be directly compared to Kc calculated from Vickers indents.  
 
2.4.3 Machine compliance  
Stiffness measured by the nanoindentation system is a combination of the indentation 
frame stiffness and the material stiffness (Eqn. 2-7).  
 !! = !!!"#$%& + !!!"#$%                                 (2-7) 
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Where S is stiffness, Ssample is stiffness of the sample and Sframe is stiffness of the machine 
frame. The contribution of the machine stiffness is determined prior to commencing 
indentation by calibrating with a standard of known elastic modulus and hardness, in this 
work fused silica is used. A series of indents is made over a range of loads into the fused 
silica. The results are used to calibrate the equipment following the steps provided in the 
machine operating manual. 
 
2.4.4 Tip area function 
The final calibration step before commencing indention is to create a tip area function 
specific to the tip being used for that session. Over time, the tip apex may become 
blunted and deviate from the ideal Berkovich shape. This is accounted for by making an 
array of indents into a standard of fused silica to cover the depth range of interest. The tip 
area file is calculated (Eqn. 2-8) 𝐴! = 𝐶!ℎ! +    𝐶!ℎ!!! !!!                                 (2-8)     
 
where Ac is contact area, hc is contact depth and C0 and Ck are area coefficients for the 
specific indenter shape. For an ideal Berkovich tip, Co = 24.5, the remainder of the 
equation incorporates the variance due to tip shape imperfections, such as blunting.  
 
2.4.5 Calibration using measured residual indent 
Prior to the development of the Oliver and Pharr method, the contact area of the tip onto 
the sample had to be manually measured. This is a time consuming process and requires 
access to high resolution SEM equipment. However, because the materials used in this 
thesis had not been previously tested by nanoindentation, the contact area for series of 
indent impressions in both coral and CCA were measured using SEM. Hardness was 
calculated and compared to that calculated using the Oliver and Pharr formulas 
programmed into the nanoindentation system. The results are presented in chapter 5. 
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2.4.6 Equipment used 
The indenters used were a high load (up to 10 N) and a low load (up to 10 mN) TI 950 
Hysitron TriboIndenter (Minneapolis, USA). Predominantly the high load system was 
used. Both are equipped with software that uses the Oliver-Pharr formulas to calculate 
hardness and reduced elastic modulus. Details and schematics of the physical operations 
of the machines can be found in the Hysitron manual. 
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3 X-ray Diffraction Methods  
 
This chapter addresses Aim 1 - Develop X-ray diffraction methods to identify and 
quantify mineral phases present, by pursuing the following objectives. 
 
1. Develop methods to identify the presence of dolomite 
2. Assess the reliability of using XRD to calculate mol% MgCO3 for Mg-calcite 
3. Develop methods to identify the composition of dolomite phases 
4. Utilise peak asymmetry for quantitative assessments 
5. Determine if CCA dolomite is ordered or disordered 
 
Further to these specific objectives, the chapter describes the powder X-ray diffraction 
(XRD) techniques used to identify the mineral phases Mg-calcite, dolomite and 
magnesite within the CCA. The XRD section provides a discussion on dolomite 
terminology and a brief background on previous applications of XRD to CCA mineral 
determination. Three methods to identify dolomite minerals obscured by peaks of Mg-
calcite phases are explored: a visual assessment of peak asymmetry, an asymmetry 
subtraction method and numerical description of asymmetry. These methods are applied 
to assess mineral composition of CCA samples used throughout the thesis. The minerals 
are quantified using Rietveld refinement and the results compared to bulk sample 
magnesium quantifications from inductively coupled plasma – atomic emission 
spectroscopy (ICP-AES). Targeted sub-sampling is shown to be a useful, quick method to 
obtain precise information of the mineral composition for different crust sections. A 
comparison of information obtained from different scan settings and micro-XRD are 
made. Failed efforts to physically separate the dolomite mineral from the Mg-calcite 
skeleton are discussed. Finally, evidence is presented supporting the conclusion that CCA 
dolomite can be at least partially ordered. 
 
 
 56 
Publications 
Parts of this chapter have been published in the publications listed below. Work 
incorporated in this chapter was carried out as part of the thesis except where noted as 
being undertaken by Huifang Xu, University of Wisconsin. 
 
 
Nash, Merinda C., Bradley N. Opdyke, Ulrike Troitzsch, Bayden D. Russell, Walter H. 
Adey, A. Kato, Guillermo Diaz-Pulido et al., "Dolomite-rich coralline algae in reefs resist 
dissolution in acidified conditions." Nature Climate Change3, no. 3 (2013a): 268-272. 
In the methods and supplementary information 
 
Nash, Merinda C., Bradley N. Opdyke, Zhongwei Wu, Huifang Xu, and Janice M. 
Trafford. "Simple X-ray diffraction techniques to identify Mg calcite, dolomite, and 
magnesite in tropical coralline algae and assess peak asymmetry." Journal of 
Sedimentary Research 83, no. 12 (2013b): 1085-1099. 
Asymmetry method published here. Discussion in this paper on XRD history was 
taken from my Masters thesis. 
 
Diaz-Pulido, Guillermo, Merinda C. Nash, Kenneth RN Anthony, Dorothea Bender, 
Bradley N. Opdyke, Catalina Reyes-Nivia, and Ulrike Troitzsch. "Greenhouse conditions 
induce mineralogical changes and dolomite accumulation in coralline algae on tropical 
reefs." Nature communications 5 (2014).  
In the methods and supplementary information 
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3.1 Introduction 
The discovery of dolomite in CCA is only recent (Nash et al., 2011) and there is no 
method to numerically describe the Mg-calcite peak asymmetry that is present in XRD 
scans for CCA with dolomite. The exploration of different ways that the XRD scans 
could be interpreted was undertaken so that the range of peak shapes and asymmetry 
could be reliably and objectively used to firstly, identify whether or not dolomite was 
present, and secondly compare the peak asymmetry of samples across data sets. The 
different methods presented in this chapter show the steps taken to arrive at the most 
reliable and efficient assessment of peak asymmetry. The final method that is applied to 
all CCA samples used in this thesis is the asymmetry mol% assessment. This method 
quantifies the effect of peak asymmetry on the gravity-centre of the Mg-calcite peak and 
this information allows numerical description of peak asymmetry. The asymmetry mol% 
is used to compare CCA from different environments and experimental treatments and, 
together with SEM of selected CCA, is a powerful tool for rapid and reliable 
identification of mineral differences between sample sets of interest. Information on peak 
position obtained using a curve subtraction method is used for starting parameters in 
Rietveld refinement (Rietveld, 1969) using the Rietica computer program (Hunter, 1998). 
This was used for quantification of the Mg-carbonate minerals in one of the CO2 
experimental studies (chapter 8, experiment 3).  
 
3.1.1 Dolomite terminology 
The use of the term dolomite when referring to the CCA dolomite in the papers published 
throughout the course of this study has not been without controversy (Gregg et al., 2015) 
and as such requires discussion to demonstrate why using the term dolomite for the CCA 
dolomite is appropriate. 
 
Land (1980) suggested that the term dolomite be restricted to Ca-Mg carbonates that 
display evidence of cation ordering; this suggestion would require an arbitrary 
distinction based on analytical detection limits and on how much cation ordering must be 
present for a mineral to be dolomite. For the purposes of the present study, dolomite is 
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defined as a Ca-Mg carbonate in the range of ca 30 to 50 mol% MgCO3. This definition 
includes the vast majority of minerals that carbonate petrologists refer to as dolomite. 
(Kaczmarek and Sibley, 2014, p1864). 
 
This thesis’ work and others publishing on biogenic dolomite have been criticised for 
using the term dolomite (Gregg et al., 2015) when there is no evidence of ordering (e.g. 
Roberts et al., 2014) although as shown in the above quote, the use of the term dolomite 
is commonly used for Ca-Mg carbonates based on their composition without specific 
reference to their ordering. Ordering is present where there are alternating layers of 
MgCO3 and CaCO3 in the calcite lattice, whereas completely disordered dolomite has Mg 
randomly substituting for Ca in the lattice. Ordered dolomite has the space group R3 
whereas disordered dolomite is R3c, the same as calcite. Similarly to Kaczmarek and 
Sibley (2014), in this study the term dolomite is defined as Ca-Mg carbonate in the range 
of 38-62 mol% MgCO3, as initially measured for dolomite in CCA (Nash et al., 2011).  
This replaces the use of protodolomite (Nash et al. 2011) and is used herein to represent 
all types of CCA dolomite that may be present; disordered, partially ordered and / or 
ordered. 
 
Kaczmarek and Sibley (2014) also found that ordering peaks were absent until dolomite 
comprised at least 9% of their experimental bulk sample, and that ordering peaks were 
attenuated, broadened and shifted relative to the ideal position until dolomite was 46% of 
the bulk sample. The quantities of dolomite in the CCA are generally not large and the 
most prominent peaks in the living CCA have been quantified at 8.5 weight % of the bulk 
sample (table 3-4 this chapter). This relatively small amount has posed problems for 
detecting ordering peaks in the fresh samples of CCA, however CCA sampled from a reef 
core and treated with acid to remove Mg-calcite has at least one ordering peak present 
that is comparable to other sedimentary dolomite (Figures 3-13, 14, 15 this chapter). The 
range of CCA dolomite crystal size and features compares well to published images for 
disordered to ordered dolomite (Chapter 5) which suggests that there is a similar range of 
ordering present in the CCA dolomite. The Ca-Mg carbonate with 38-62 mol% MgCO3 is 
referred to as dolomite in this study, without inferring cation ordering status. That is, it 
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may be disordered, ordered or poorly ordered. The usage of this terminology for Mg-
calcite > 38 mol% MgCO3 is supported by recently published clarification on 
terminology for Ca-Mg carbonates (Zhang et al., 2015) whereby composition >37 mol% 
MgCO3 is either dolomite or disordered dolomite, and not a very-high-Mg-calcite as 
suggested by Gregg et al. (2015). Gregg et al. proposed that Ca-Mg carbonate in the 
dolomite range without ordering should be called very-high-Mg-calcite because of the 
different space groups. However, despite the different space groups, disordered dolomite 
is recognised in the literature as a different mineral from very high Mg-calcite. Gregg et 
al. obscure this common recognition; 
 
 High-magnesium calcite with near-dolomite stoichiometry (≈50 mol% MgCO3) has been 
observed both in nature and in laboratory products and is referred to in the literature as 
protodolomite or very high-magnesium calcite [VHMC] (Gregg et al. 2015, p 1749). 
 
This is not, in fact, correct. Typically, high-magnesium calcite with near-dolomite 
stoichiometry (≈50 mol% MgCO3) is referred to in the literature as protodolomite or 
disordered dolomite (e.g. Ohde and Kitano, 1981; Zhang et al., 2010, 2012, 2015).The 
papers that Gregg et al., (2015) cite throughout their own paper use these terms and not 
VHMC (e.g. Graf and Goldsmith, 1956; Alderman, 1965; Oomori and Kitano, 1987).. 
Gregg et al. omit the mention of disordered dolomite in their introduction despite the 
authors themselves using these common descriptions in previous papers (e.g. Gregg and 
Sibley, 1984; Machel and Burton, 1999; Machel, 2003; Kaczmarek and Sibley, 2011, 
2014). The usage of the term VHMC for Ca-Mg carbonate with dolomite composition is 
not common and authors usually note that it is also known as disordered dolomite (e.g. 
Wang et al., 2012). 
 
Considering the above together with the findings presented in this thesis showing CCA 
dolomite having distinctly different properties from Mg-calcite and a range of crystal 
habits, I consider it appropriate to use the term dolomite, with the caveat that this may or 
may not be ordered. Work to understand more about the CCA dolomite crystal structure 
and potential ordering is ongoing.  
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In the final stages of this thesis’ preparation, ordering peaks were identified for a fresh 
CCA P. onkodes (Fig. 3-15), further justifying the usage of the dolomite terminology.  
 
3.1.2 Magnesite identification 
With the first discovery of dolomite in CCA, an Mg-mineral infilling dolomite lined cells 
was identified as magnesite. This identification was based on Rietveld refinement (Nash 
et al., 2011) using expanded unit cell parameters measured for sedimentary magnesite 
(Graf et al., 1961). Independent researchers using micro XRD at the University of 
Wisconsin (methods this chapter) also identified magnesite within the CCA (subsample 
of original piece). There is however another Mg-rich mineral found in some of the CCA 
samples that is visually different from that identified previously as magnesite. This 
mineral is present in samples that did not have a magnesite XRD peak. To date, this 
mineral has not been conclusively identified, possibly it is a hydrated magnesite or a mix 
of magnesite and another mineral. Alternatively it may be, or include brucite, as had been 
identified in calcifying Peysonnelia red alga Polystrata dura (Nash et al. 2015b).   
 
Magnesite terminology is used for samples that have a magnesite peak by XRD or where 
there are crystal habits comparable to those previously identified as magnesite. Otherwise 
the unidentified Mg-rich mineral is referred to as an unidentified Mg mineral. The 
presence of these Mg-rich minerals in even small amounts, can influence the reliability of 
determining mineralogy from bulk Mg measurements, discussed further in 3.4.1 and 
3.5.2.  Since submitting the original version of this thesis, Ulricke Troitzsch (ANU) using 
synchrotron analyses has confirmed hydromagnesite in the CCA, along with magnesite 
but there has been no detection of brucite. Thus, the unidentified Mg-mineral is probably 
in most instances hydromagnesite, although this does not exclude the possibility of 
brucite being present. 
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3.2 Identification of dolomite and magnesite 
Previously a method was developed to describe the asymmetry by an asymmetry ratio 
and squatness value (Milliman et al., 1971). The curves were classified as symmetrical, 
asymmetrical or very asymmetrical and assigned an asymmetry ratio and squatness value. 
The asymmetry ratio took the width of the asymmetrical half of the peak and compared to 
the symmetrical half. Squatness was the ratio of the total peak height to the total peak 
width (Fig. 3-1). Milliman et al. (1971) noted a correlation between the degree of 
asymmetry and the amount of excess magnesium as determined by bulk methods. Here 
this method is further developed utilising the XRD scan processing software EVA.  
 
Figure 3-1: Method proposed by Milliman et al., (1971) for categorising the different 
peak asymmetries of coralline algae. The relative importance of higher magnesian 
calcites within the coralline algae is reflected by the degree of asymmetry of the curve 
toward dolomite. Asymmetry is determined by the ratio of the symmetrical peak width to 
the asymmetrical peak width (Ws/Wa) and squatness by the ratio of peak height to total 
peak width (H/W). A. Jania natalensis; symmetrical, width ratio 1.1, squatness 4.79. B. 
Lithothamnion indicum; Asymmetrical, width ratio 1.41, squatness 4.28. C. Porolithon 
craspedium; strongly asymmetrical, width ratio 1.73, squatness 3.48. The 2-theta-scale 
refers to the angle of measurement at which the X-ray was diffracted. 
 
About the time that Milliman et al. (1971) described the CCA peak asymmetry, Rietveld 
refinement of powder XRD scans was developed (Rietveld, 1969). Rietveld refinement 
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uses computer processing for least-squares refinement of profile intensity and shape from 
the XRD step scan measurements. One of the main benefits of Reitveld refinement is that 
it allows deconvolution of overlapping peaks that are present as peak asymmetry. The 
unit cell parameters can be refined allowing reliable mineral identification and 
quantification. This technology was not widely available at the time of Milliman’s work, 
perhaps if it was, then dolomite may have been identified at that time. Instead it was 
thought that the asymmetry was due to higher phases of Mg-calcite, up to ~30 mol% 
MgCO3.  
The reason for starting with Milliman’s method rather than focusing on Rietveld 
refinement is that Milliman et al. (1971) developed a classification for CCA Mg-calcite 
peak asymmetry using only the d(104) peak for CCA that had peak asymmetry comparable 
to those used in this thesis. Revisiting the Milliman et al. method is a starting point for 
the XRD method development and not in place of Rietveld refinement. 
 
3.2.1 Identification of magnesium carbonate minerals 
By overlying the pattern for a symmetrical Mg-calcite peak on the asymmetrical peaks, 
the asymmetry on the higher 2-theta side (smaller d-spacing, higher mol% MgCO3) 
becomes more apparent (Fig. 3-2). A space between the asymmetrical peak and the 
symmetrical peak that extends over the peak position for dolomite (see discussion in 
curve subtraction section on positions for disordered and ordered dolomite and Nash et 
al., 2011) indicates the presence of dolomite (Fig. 3-2 A, B). A shoulder continuing out 
from the dolomite asymmetry to the position identified for sedimentary magnesite (Graf 
et al., 1961, Nash et al., 2011) indicates the presence of magnesite (Fig. 3-2 C). These 
assessments were confirmed by SEM-EDS of each sample. This comparison allows quick 
identification of the Mg-minerals present.  
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Figure 3-2: Adaptation of the curve assessment principle (Milliman et al., 1971) to 
identify the presence of dolomite (D) and magnesite (M) in a predominantly Mg-calcite 
(Mg-C) CCA. A, B, The dotted curve is a symmetrical curve. The gap on the higher 2-
theta side between the symmetrical curve and the overlaid curve indicates the presence of 
dolomite. The curve in B has a larger gap indicating relatively more dolomite than in A. 
C has a shoulder off the Mg-calcite peak towards the magnesite (M) peak position and 
this indicates the presence of magnesite. 
 
Where asymmetry is present but does not extend over the dolomite position, then this 
suggests that there are at least two phases of Mg-calcite present, but not dolomite. The 
focus of this study was on tropical P. onkodes, and those assessed as having dolomite 
asymmetry that were checked by SEM, all had dolomite composition measured by EDS 
(Chapters 5, 6, 7, 8). It is noted in chapter 5 that the cell wall Mg-calcite of P. onkodes 
can have ~ 5 mol% MgCO3 higher Mg content (21 mol% MgCO3) than the inter-filament 
regions between cells (16 mol% MgCO3). Probably, CCA with Mg-calcite peak 
asymmetry that does not extend over the dolomite position do not have dolomite but have 
cell walls with higher Mg content than the inter-filament regions.  
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3.3 Peak selection to calculate mol% MgCO3 
Typically, the point of maximum intensity of the Mg-calcite XRD (104) peak is used to 
calculate the d-spacing of the (104) plane, which is then converted to mol% MgCO3 
using one of many equations (e.g. Goldsmith et al., 1955; Ries, 2011). Prior to XRD scan 
processing software, the highest point was selected visually, whereas now a software 
package can identify the highest point, which has the advantage of smoothing the curve 
of noisy data before picking the peak. To identify the peak position using the software 
DiffracPlus Eva (Bruker, 2008), an area of the scan is selected covering only the peak in 
question, allowing the software to calculate both the position of maximum intensity as 
well as the peak’s gravity-centre. For a symmetrical peak the gravity-centre and the point 
of maximum intensity are equivalent. However any peak asymmetry caused by either 
dolomite on the one side of the peak, or pure calcite on the other, will shift the gravity 
centre of the peak to a higher or lower 2-theta value, respectively, compared to the 
symmetrical peak.  
 
When searching for the point of highest intensity in an asymmetrical peak, the influence 
of the asymmetry can be mostly avoided by selecting only the central (or upper) part of 
the peak for the EVA analysis, thus simply excluding the asymmetrical slope from the 
calculation (Fig. 3-3). This is only possible because the amount of dolomite and pure 
calcite in CCA, and thus their XRD peaks, are typically much lower compared to those of 
Mg-calcite.  
 
Analysis of a large range of CCA XRD scans showed that the peak asymmetry generally 
commences below a d-spacing of 2.9641 Å, i.e. above 2-theta 30.15° (for CuKa 
radiation). This is shown in figure 3-3 with the analysis of a typical XRD scan of CCA 
containing significant amounts of dolomite and magnesite, which produces a very 
asymmetric carbonate peak. Here, only the upper section of the peak was used, 
terminating at d = 2.9641 Å (P2 in Figure 3-3), to calculate the gravity centre, resulting in 
a Mg-content of 17.9 mol% MgCO3 (using the equation from Goldsmith et al., 1955). 
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This compares well with the highest point (P1 in Figure 3-3) equivalent to 17.7 mol% 
MgCO3. 
 
Figure 3-3: Comparison of peak position by highest point (P1) versus the gravity-centre 
measurement (P2) of the EVA scan processing software. P1 is the highest point and 17.7 
mol% MgCO3 the corresponding calculated value using the calibration line equation from 
Goldsmith et al. (1955). The line vertically from the d value 2.9461 intersects the curve 
above the commencement of the asymmetry portion (symmetrical curve dashed black 
line). By drawing a line across from this intersecting point and using the gravity centre d-
spacing for the portion of the curve above avoids the influence of curve asymmetry (i.e. 
dolomite) on the calculated mol% MgCO3.  
 
The visible peak is the highest point of the peak and this selection was often influenced 
by noise in the curve and the gravity-centre peak was more consistent. The results for the 
mol % MgCO3 calculated using the highest point of the curve (i.e., the MP1 and P1) and 
the gravity-center peak (MP2) as measured using P2 are typically within one standard 
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deviation (Nash et al., 2011). Since the highest point selection is done without smoothing 
it is influenced by noise, and the MP2 mol % MgCO3 had the better reproducibility when 
running samples multiple times and processing of the data by different people. 
Reproducibility of the MP1 was improved by using the scan smooth function in EVA 
(smooth factor 0.10). Smoothing reduces noise on the scan that is attributed to 
background scatter.  
 
To identify the user error, one set of 15 samples were processed separately by two 
people; the average difference in results for MP1 mol% MgCO3 was 0.1 mol% (s.d. 
0.43), whereas for MP2 mol% MgCO3 the average difference was lower at 0.02 mol% 
(s.d. 0.29). In the same sample set reprocessed by the same person, the average difference 
in results was reduced to 0.00 mol% (s.d. 0.03) for MP1 mol% MgCO3 and 0.00 (s.d. 
0.004) for MP2 mol% MgCO3. Rerunning the XRD samples revealed reproducibility 
(i.e., analytical variability) of 0.38 mol% (s.d. 0.28) for MP1 mol% MgCO3 and 0.14 mol 
% (s.d. 0.11) for MP2 mol% MgCO3. Although the highest point of the curve is usually 
selected for calculating the Mg-calcite mol% MgCO3, these comparisons demonstrate 
that the MP2 selection is the more precise of the two, and as a result MP2 is considered 
the most precise peak position to use for calculations of Mg-calcite mol% MgCO3.  
 
 
3.4 Determining composition of dolomite phases 
3.4.1 Curve subtraction 
The XRD example in Figure 3-2 enables the identification of the minerals present but 
does not allow the determination of the MgCO3 content of the dolomite phase. To do this 
it is necessary to separate out the dolomite peak so that the peak position can be obtained 
to calculate the magnesium composition. The following technique is a simple method to 
isolate the dolomite curve. To make an estimation of the dolomite peak position, a 
symmetrical curve is subtracted from the asymmetrical curve (Fig. 3-4). The latter can be 
created by exporting the scan into excel or a similar program and mirroring the 
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symmetrical left side for the right side, then import back into the scan processing 
program EVA in this case.  
 
Figure 3-4: Curve subtraction method to identify peak of the dolomite portion. A is the 
original scan with dolomite asymmetry. B is a symmetrical scan. C is the scan after B has 
been subtracted from A. The d-spacing of the peak of the residual dolomite curve is used 
to calculate its mol% MgCO3. The exercise can be repeated for scan C if there is 
substantial asymmetry remaining in the subtracted curve. D= dolomite (104) position. 
 
For curves with strong asymmetry, the remnant peak may still be asymmetrical. In this 
case the subtraction is repeated with a scaled down symmetrical scan (Fig. 3-5). This 
exercise allows an estimation of the average mol% MgCO3 of the magnesium phases 
using the separated peaks. The samples used in Figure 3-5 came from a data set of 18 
samples from a CO2 experiment (chapter 8), of interest for that set was to identify as 
accurately as possible the magnesium content and quantity of each phase.  
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Figure 3-5: Application of the curve subtraction method to identify multiple phases of 
Mg-calcite minerals in an experimental dataset (full details in Ch. 8). There appeared to 
be a continuum of Mg composition from Mg-calcite towards magnesite. This was 
confirmed to be the case by SEM-EDS. The subtracted peaks were used as the starting 
cell parameters for cell refinement in Rietica for curve fitting to enable quantification of 
each phase range. 
 
The next challenge is what XRD calibration equation to use for the mol% MgCO3 
calculation as the equation for Mg-calcite (Goldsmith et al., 1955) may not be accurate 
for the CCA dolomite phases. Perfectly ordered stoichiometric dolomite has 50 mol% 
MgCO3 and a d104 value of 2.889Å [International Centre for Diffraction Data (ICDD) 
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database, Powder Diffraction File (PDF)-2, file number 00-036-0426]. Sedimentary 
dolomites are not usually stoichiometric and may be poorly ordered (Jones et al., 2001; 
Kaczmarek and Sibley, 2011). Experiments undertaken to determine the d-spacing for 
calcium enriched and disordered dolomite found the d-spacing to be expanded for 
disordered dolomite compared to ordered dolomite of the same composition (Zhang et al., 
2010) (Table 3-1).  
d104 
value 
Å 
Goldsmith 
mol% MgCO3 
Zhang et al. 
2010 
mol% 
MgCO3 
 
Zhang et al. 2010 
Range of mol% MgCO3 
for each d-spacing 
2.988 16.9    
2.972 22.2    
2.964 25.0    
2.960 26.2    
2.957 27.2 28.7 18.2 36.6 
2.953 28.8 32.2 25.8 39.2 
2.947 30.8 38.0 34.0 43.1 
2.943 31.9 41.0 35.6 48.5 
2.940 32.9    
2.937 33.9    
2.932 35.6 45.2 36.2 54.0 
2.912 42.3 54.1 47.8 58.4 
2.889 50.0    
Table 3-1: Comparison of MgCO3 content calculated for d104 values using different 
calibration equations: Goldsmith et al. (1955) for Mg-calcite and ordered dolomite, and 
Zhang et al. (2010) for Mg-calcite and disordered dolomite.  
The d104 value and calculated MgCO3 content from equations in the literature (Goldsmith 
et al., 1955) agree with the (disordered) VHMC for the range 27-29 mol% MgCO3 
produced by Zhang et al. (2010), however there was divergence for mol% MgCO3 above 
30% (per Goldsmith equation) with the synthetic disordered dolomite having an average 
of 38 mol% MgCO3 for the same d104 value.  
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Sedimentary magnesite (Graf et al., 1961) was also found to have an expanded unit cell 
size relative to synthetic magnesite indicating that the carbonates formed in sedimentary 
environments may have enlarged cell dimensions compared to synthetically formed or 
metamorphic carbonates formed at high temperature and pressures. The significance of 
the work by Zhang et al. (2010) is that using the previously published calibrations (e.g. 
Goldsmith et al., 1955) would have underestimated the amount of magnesium present in 
non-stoichiometric and poorly ordered dolomite. When identifying the mineral phases 
present in the CCA in this study, both the Goldsmith et al. (1955) and Zhang et al. (2010) 
calibrations are used initially to get a maximum range of possible MgCO3 contents. 
 Unit cell parameters MgCO3 content 
 a  
[Å] 
c 
[Å] 
d104 
[Å] 
Ordered 
[mol.%] 
Disordered 
[mol.%] 
Mg-C 4.91906 16.7439 2.986 17.5 Not applicable 
H-HMC – lower 4.87711 16.5222 2.953 28.5 ~32 
H-HMC – upper 4.869 16.44 2.9428 32 ~41 (range ~35.6-48.5) 
Dolomite 1 4.842 16.32 2.9247 38 ~48 (range ~40-55) 
Dolomite 2 4.826 16.16 2.9045 44.8 > ~54 
Dolomite 3 4.81 16.01 2.8863 50.9 no value available 
Beyond dolomite 4.7482 15.914 2.8587 60.1 no value available 
Table 3-2: Unit cell parameters after refinement in Rietica. Mol% MgCO3 calculations 
for ordered dolomite using Goldsmith et al. (1955) and disordered using Zhang et al. 
(2010). 
 
The peaks of the subtracted curves were used to obtain estimates for magnesium content. 
For the samples in Figure 3-5 B there were 4 Mg phases identified initially; Mg-calcite 
and three dolomite phases. The peak position was used with the unit-cell function in EVA 
and information from Zhang et al. (2010) to obtain the unit-cell parameters for each 
phase to create files for Rietveld refinement (Table 3-2). The refinements were 
undertaken using the program Rietica (Hunter, 1998) and unit cell parameters were 
allowed to vary to obtain the best fit. Best fit was obtained by adding two extra phases of 
higher Mg-calcite and a third above dolomite ‘beyond dolomite’ for a magnesium-
enriched dolomite. The final refined peak positions were used to calculate the MgCO3 
content and this resulted in compositions that were regularly spaced from the H-HMC to 
the third dolomite (Fig. 3-5 C).  
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The calculated weight % of each phase together with estimates of the mol% MgCO3 were 
used to make a weighted average mol% MgCO3 for each sample processed (n=18) and 
this was compared to bulk magnesium measurements from Inductively coupled plasma- 
atomic emission spectroscopy (ICP-AES) (methods following Nash et al., 2011) (Tables 
3-3, 4). The weights of less than 1% for the two H-HMC phases were combined into one 
phase for the calibration. The average difference in mol% MgCO3 was 0.26 to 0.38 
depending on the mol% MgCO3 used for H-HMC and dolomite 3. 
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CO2 ToC Sample mol% MgCO3 
   17.5% 27.0% 47.0% 55.0% 65.0% 95.0%    
   HMC H-
HMC 
Dol1 Dol2 Dol3 BD calc 
Mg 
ICP 
Mg 
diff 
Pre 28 GD25  14.3 1.1 3.1 0.0 0.0 0.0 18.5 20.3 -1.8 
Pre 28 GD69  14.4 0.8 2.6 0.4 0.3 0.0 18.5 20.2 -1.7 
Pre 28 GD2  14.8 1.1 3.3 0.0 0.0 0.0 19.2 18.7 0.5 
Pre 30 GD101 15.0 1.2 1.9 1.7 0.8 0.0 20.6 19.8 0.8 
Pre 30 GD40 n/d n/d n/d n/d n/d n/d n/d n/d n/d 
Pre 30 GD18 13.5 4.0 3.2 0.0 0.0 0.0 20.7 18.0 2.7 
Cont 28 GD62  11.2 6.1 5.3 0.0 0.0 0.0 22.6 22.4 0.2 
Cont 28 GD99 14.1 3.3 1.8 0.0 0.0 0.0 19.2 17.1 2.1 
Cont 28 GD49 n/d n/d n/d n/d n/d n/d n/d n/d n/d 
Cont 30 GD24 14.4 3.2 2.1 0.0 0.0 0.0 19.6 18.9 0.7 
Cont 30 GD36 13.5 3.7 2.9 0.0 0.0 0.0 20.1 20.0 0.1 
Cont 30 GD10 n/d n/d n/d n/d n/d n/d n/d n/d n/d 
High 28 GD37 14.5 3.5 1.8 0.0 0.0 0.0 19.9 21.3 -1.4 
High 28 GD7  14.0 3.7 2.2 0.0 0.0 0.0 19.9 18.8 1.1 
High 30 GD48 13.9 1.6 1.9 1.8 2.5 3.2 24.9 23.7 1.2 
High 30 GD71 13.8 2.0 1.5 2.1 2.0 2.0 23.4 23.4 0.0 
High 30 GD114  13.3 1.9 2.3 2.4 2.6 2.8 25.2 26.0 -0.8 
Table 3-3: n/d = no data. HMC: High magnesium calcite; H-HMC: Higher magnesium 
calcite. Dol: dolomite. BD: beyond dolomite. Calc Mg: calculated bulk Mg as per Rietica 
quantification. ICP Mg: bulk Mg concentration as per ICP-AES. The average difference 
(diff) is 0.3 mol%. Overall average difference = 0.26%. Magnesite samples excluded. 
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CO2 ToC Sample mol% MgCO3 
   17.5% 30.0% 47.0% 55.0% 95.0% 95.0%    
   HMC H-
HMC 
Dol1 Dol2 Dol3 BD calc 
Mg 
ICP 
Mg 
diff 
Pre 28 GD25  14.3 1.2 3.1 0.0 0.0 0.0 18.7 20.3 -1.6 
Pre 28 GD69  14.4 0.9 2.6 0.4 0.5 0.0 18.8 20.2 -1.4 
Pre 28 GD2  14.8 1.2 3.3 0.0 0.0 0.0 19.3 18.7 0.6 
Pre 30 GD101 15.0 1.3 1.9 1.7 1.2 0.0 21.2 19.8 1.4 
Pre 30 GD40 14.2 1.8 1.6 1.7 2.6 2.3 24.2 25.1 -0.9 
Pre 30 GD18 13.5 4.5 3.2 0.0 0.0 0.0 21.1 18.0 3.1 
Cont 28 GD62  11.2 6.7 5.3 0.0 0.0 0.0 23.2 22.4 0.8 
Cont 28 GD99 14.1 3.6 1.8 0.0 0.0 0.0 19.6 17.1 2.5 
Cont 28 GD49  13.8 1.8 1.5 1.2 2.4 3.5 24.2 27.0 -2.8 
Cont 30 GD24 14.4 3.5 2.1 0.0 0.0 0.0 20.0 18.9 1.1 
Cont 30 GD36 13.5 4.1 2.9 0.0 0.0 0.0 20.5 20.0 0.5 
Cont 30 GD10  13.7 1.8 1.4 1.0 3.3 7.0 28.2 29.8 -1.6 
High 28 GD37 14.5 3.9 1.8 0.0 0.0 0.0 20.3 21.3 -1.0 
High 28 GD7  14.0 4.1 2.2 0.0 0.0 0.0 20.3 18.8 1.5 
High 30 GD48 13.9 1.8 1.9 1.8 3.7 3.2 26.3 23.7 2.6 
High 30 GD71 13.8 2.2 1.5 2.1 2.9 2.0 24.5 23.4 1.1 
High 30 GD114  13.3 2.1 2.3 2.4 3.8 2.8 26.6 26.0 0.6 
Table 3-4: Calibration using 30% for the H-HMC phase and 95 mol% MgCO3 for both 
the dolomite 3 and beyond dolomite phase. Overall average difference 0.38 mol% 
MgCO3. 
 
3.4.2 Summary of dolomite identification 
The curve subtraction method is a useful starting point to identify the range of MgCO3 
contents present in the dolomite phase. The peak positions after Rietveld refinement 
suggest that there is a continuum of magnesium content in the dolomite phases rather 
than discrete phases. For the samples in this data set, this continuum agrees with the 
observations from SEM (chapter 8, experiment 3). The samples used for this Rietveld 
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refinement were later discovered to have had calcium removed from the large areas of 
Mg-calcite carbonate by bacterial activity during the experiment, resulting in a relative 
increase in Mg content with EDS values approaching magnesite. While this bacterial 
activity is also found in non-experimental samples (chapter 5) the areas of alteration are 
minor compared to the experimental dataset. The comparison of the ICP-AES mol% 
MgCO3 with the weighted average mol% MgCO3 indicates that the estimates of mineral 
composition made using this curve subtraction and rietveld method are reasonable.  
 
3.5 Utilising peak asymmetry for quantitative assessments 
3.5.1 Numerically describing peak asymmetry  
The subtraction method is useful for characterising phases present but a cumbersome 
method to use for comparing many samples and has an element of subjectivity involved. 
Similarly, using Rietveld refinement to quantify phases may not be practical when large 
data sets are involved. This is because Rietveld refinement requires firstly a longer scan 
(20-55° 2-theta, i.e. 35 minutes with our old equipment) and the refinement can be time 
consuming. The data sets presented in chapters 7 and 8 involved initially analysing 246 
crusts and another 250 subsamples, totaling over 500 samples for XRD analyses. This 
would be approximately 290 hours of XRD time on the diffractometer in the ANU XRD 
laboratory and a minimum of 15 minutes per sample for the mineral identification and 
Rietveld refinement. This becomes problematic where there is an hourly user charge, the 
total cost of which could prohibit the project completion. An alternative method for 
assessing the relative presence of each magnesium phase is developed here requiring only 
short scans [26- 33° (7 minutes)] and an average of 2 minutes scan processing time. 
Furthermore, the data produced are consistent and reliable. 
The method uses the asymmetry assessment principles of Milliman et al. (1971) but 
processed using the tools in the XRD scan processing package, EVA. Simply, the peak 
asymmetry is incorporated into the gravity-centre peak selection and the shift in the peak 
with the asymmetry is compared to the highest point peak position and this difference is 
used to identify the relative contribution of dolomite and magnesite asymmetry across 
 75 
sample sets.  
When selecting the peak position for Mg-calcite mol% MgCO3, the gravity centre 
function is used but the line across the peak is taken above the commencement of 
asymmetry so the influence of asymmetry is avoided (see discussion above). In contrast, 
the asymmetry mol% MgCO3 aims to incorporate this asymmetry so that the gravity-
centre peak position shifts to higher 2 theta (towards dolomite) whereby the amount of 
this shift is dependent on the amounts of dolomite and magnesite present in the sample. 
To capture the asymmetry caused by dolomite, a line is taken across from where the 
asymmetrical curve intersects the d-spacing for disordered dolomite and the peak for the 
gravity centre incorporates the area of the curve above this line (Fig. 3-6 A). The gravity-
centre peak for this area is used in the standard mol% MgCO3 calculation using 
Goldsmith et al. (1955) to determine the asymmetry mol%. The position for dolomite was 
determined from the average of curve subtraction measurements in this study. This 
position matches well with the Zhang et al. (2010) measurement for ~50 mol% MgCO3 
for fully disordered dolomite (Table 3-1).  
 
 
Figure 3-6: Numerically capturing peak asymmetry due to the presence of dolomite and 
magnesite. A. Using the same gravity centre function in EVA as for Fig. 3-3, a line is 
drawn across to intersect d=2.925. B. The same process is applied to capture the entire 
area under the curve, incorporating the influence of magnesite.  
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For convenience, the different positions are referred to as P1, 2, 3 etc. and the calculated 
mol% MgCO3 as MP1, 2, 3 etc. To incorporate the influence of magnesite, the entire area 
under the asymmetrical curve is captured for the gravity centre measurement (Fig. 3-6 B). 
The use of MP3 or MP4 depends on the information being sought. For the samples used 
in this thesis, MP4 was found to be the most useful when used for comparison to the 
standard mol% MgCO3. This MP4 is referred to as the dolomite asymmetry mol%. 
 
Samples scraped from the base of the CCA or from CCA from reef cores (i.e. hundreds to 
thousands of years old) had separated dolomite peaks (Fig. 3-7). For CCA that had a 
clearly separate dolomite peak, using the MP3 measurement does not capture the 
contribution of the dolomite (Fig. 3-7 B). In this case using the entire curve asymmetry 
returns MP4 mol% MgCO3 that is 6.1 mol% higher than the Mg-C indicating a 
substantial contribution to asymmetry from the dolomite phase.  
 
 
Figure 3-7: Application of the selected area asymmetrical mol% MgCO3 method. A. 
CCA with magnesite has the highest MP4 mol% MgCO3 (collected fresh, Heron Is.). B. 
CCA from core drilled at Rodrigues Is. Indian Ocean 3.2 metres down core est. age 2670 
yrs (Rees et al., 2005). A separate dolomite peak is clearly visible and the Mg-calcite has 
a lower mol% MgCO3 than for the fresh Heron Is. CCA. C. CCA from Rodrigues core, 
50cm down, est. age 417 yrs.  
 
To make the differences clearer, the asymmetry difference between measurements is used 
to highlight the changes due to the contributions of the different mineral phases. For 
example, Asym 1 = MP2-MP1, Asym 2 = MP3-MP2, Asym 3 = MP4-MP3. An example 
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is presented in Figure 3-8 where the asymmetry difference highlights the contrast in 
relative abundance of dolomite across a dataset.  
 
 
Figure 3-8: Utilising the asymmetry measurements. A. The mol% MgCO3 for MP1 and 
asymmetry mol% MgCO3 for MP2-4. B. Asymmetry difference. The differences due to 
dolomite are more readily visible after the preceding MP measurement is subtracted. The 
R core 320cm has less MP4 than PNG5, however the asymmetry difference shows that R 
core 320cm has a relatively greater amount of dolomite present. 
 
When working with the fresh CCA used for most of this work, MP4-MP2 was found to 
be the most useful measurement. This is referred to simply as the asymmetry difference. 
 
3.5.2 Comparison of the asymmetry mol% MgCO3 with ICP-AES mol% MgCO3 
The asymmetry mol% MgCO3 is a relative measure and not an average mol% MgCO3 for 
all the Mg phases present. However, the potential to use it as a substitute method for 
estimating total Mg was investigated. When plotting the ICP-AES data against the MP4 
mol% MgCO3 (Fig. 3-9) there is a strong correlation of the asymmetry mol% MgCO3 
with the ICP mol% MgCO3 (R2 = 0.89) but the slope is only 0.3218, much less than a 1:1 
correlation. The asymmetry mol% MgCO3 is typically less than the ICP-AES data for 
higher values when magnesite is present (e.g. >21% in Fig. 3-9). Conversely at lower 
asymmetry mol% MgCO3, the ICP-AES data are lower. This may reflect the presence of 
small amounts of aragonite that are not captured in the asymmetry mol% MgCO3. 
Although there is a correlation with ICP-AES data, the large deviations of the asymmetry 
mol% MgCO3 due to presence of magnesite or aragonite do not support the use of the 
 78 
asymmetry mol% MgCO3 for quantitative analyses of bulk magnesium amounts in place 
of traditional magnesium quantification methods.  
 
 
 
Figure 3-9: Comparison of the asymmetry mol% MgCO3 compared to ICP-AES data. 
The asymmetry mol% does not replicate bulk Mg-content, but the ICP-AES results show 
agreement with the linear change in asymmetry mol% as total magnesium increases. 
 
3.6 Comparison of information using different scan settings 
A comparison of results for XRD scans with varied speeds (i.e., °/ min) and length (i.e., 
total 2-theta scan length) showed that mineral identification and the mol% MgCO3 
determinations can be made as effectively from short, fast scans (2-theta 25–33°, step 
size 0.02°, speed 1°/ min, total running time 8 minutes) as it can be from long, slow, 
repeated scans (e.g., 2-theta 20–60°, step size 0.02°, speed 0.3°/ min, 14 passes, total 
running time 53 hours).  
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3.7 Comparison of XRD and micro-XRD results 
A selection of CCA samples (Sample H302, and H47; Nash et al., 2011) were sent to 
Huifang Xu at University of Wisconsin for analysis using micro XRD with a beam width 
of 100 µm. This allowed the analysis of selected spots enriched in dolomite and 
magnesite on a polished intact sample. The X-ray diffraction analyses were carried out 
using a Rigaku Rapid II X-ray diffraction system with a 2-D image plate (Mo K 
radiation) at the Department of Geoscience, and Materials Science Program, University 
of Wisconsin. A clearly separated dolomite peak was obtained for CCA sample H47 (Fig. 
3-10 A) the position of which was calculated to represent either 50 mol % MgCO3 for 
dolomite with partial cation ordering, or 54% mol % MgCO3 if it was disordered 
dolomite (Zhang et al., 2010; Zhang et al., 2012). This peak position is comparable to that 
obtained for the underside of CCA H305 (a subsample of H302) (in section on 
subsampling, Fig. 3-12) that equated to either 48-54 mol% MgCO3 for disordered 
dolomite, or 38-45 mol% mgCO3 for ordered dolomite. The dolomite peak position 
varied with discrete sampling locations (Fig. 3-10 B, sample H302), indicating that 
composition in each individual cell area may be different. The micro-XRD detected Mg-
rich dolomite and Ca-bearing magnesite.  
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Figure 3-10: Micro XRD of intact CCA crust (100 µm beam width). A. (H47) Separate 
dolomite peak; considering the 100 µm beam width, this is likely to have been a dolomite 
filled conceptacle. CCA confirmed by SEM-EDS to have magnesite and dolomite (Nash 
et al., 2011). B. (H302) The dolomite peak shape changes for different parts of the crust, 
reflecting the heterogeneity of the mineralogy. Calculated diffraction patterns of end-
members of calcite, ordered dolomite, and magnesite are shown at the bottom for 
comparison. C, Mg- bearing calcite; D, dolomite and Mg-rich dolomite; M, Ca-bearing 
magnesite. Figure supplied by H. Xu. 
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3.8 Subsampling techniques 
3.8.1 Detection of mineral differences within a CCA crust 
CCA crust often has visibly different crustal layers. The photosynthetically active crust is 
the pink layer on the surface of the CCA and has a thickness of ~100-200 µm (Steneck, 
1983, 1986). The remainder of the crust thallus underneath is white. There may be visible 
borings throughout the crust accompanied by local yellow or grey discolouration. Green 
discolouration may arise from endolithic organisms. The underside of the crust is 
typically friable to the hand. XRD of subsamples from the different coloured parts of the 
crust revealed differences in the mineral composition, with an example shown in Figure 
3-11. The pink surface layer had the lowest MgCO3 (17. 2 mol% MgCO3) and the calcite 
XRD peak was least asymmetrical (Asymm. difference 1.25 mol% MgCO3). MgCO3 was 
higher (17.6 mol% MgCO3) in the white unaltered mid-crust and typically there was 
XRD peak asymmetry indicating the presence of dolomite and magnesite, these features 
were reflected in the calculated Mg-content for the asymmetry mol% (Asymm. difference 
10.8 mol% MgCO3). Discoloured crust usually had aragonite and less asymmetry. The 
friable underside usually contained Mg-calcite with a lower MgCO3 content compared to 
that in the main crust (14.6 mol% MgCO3) with minor asymmetry retained (Asymm. 
difference 2.8 mol% MgCO3). There is no magnesite present in the under-scrapings even 
in samples in which it occurred abundantly throughout the main crust.  
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Figure 3-11: Subsampling of P. onkodes from Heron Is. A. Sample locations. B. XRD 
scans. A range of peak positions and asymmetry is found for the different sampling sites. 
The Mg-calcite position is comparable for all except the underside that shifts towards 
lower Mg content. The surface has the least asymmetry while the mid-layers have the 
most with a distinct shoulder toward magnesite for layers 2 and 3. 
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XRD of subsamples of the underside of some samples showed clearly separated dolomite 
(104) peaks (Fig. 3-12). Ordering reflections d(015), d(101), and d(021) were not visible 
in these scans. However, due to the very small sample size of this material the peak to 
background ratio was small, making it difficult to detect the very weak ordering peaks, 
and impossible to either prove or disprove their presence with this method.  
 
 
Figure 3-12: Subsampling of the base of the crust by gently scraping off the friable grains 
resulted in an XRD scan with a clearly separated dolomite peak. The blue lines are the 
peaks for 50% disordered dolomite (Zhang et al., 2010) and red for 50% fully ordered 
dolomite. The ordering reflection positions are identified however ordering could not be 
proven or disproven from these results. 
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3.9 Is dolomite ordered or disordered? 
3.9.1 Attempts to physically separate dolomite  
From the XRD results presented here it could not be determined if the CCA dolomite was 
ordered, partially ordered or completely disordered. The range of dolomite compositions 
detected by SEM (Nash et al., 2011) indicates that it is not all stoichiometric dolomite 
and as such it could not be perfectly ordered. However, there may be partial ordering. 
The ordering peaks are weak relative to the other peaks and are difficult to detect with a 
high background and large amounts of Mg-calcite in the sample overshadowing the 
smaller peaks. 
 
Attempts were made to obtain a pure dolomite sub-sample so that an individual mineral 
scan could be obtained. Geologic samples of limestone with dolomite are commonly 
treated with acid to separate the dolomite as the less stable calcite dissolves but the 
dolomite does not. A variety of acid treatments were tested in an attempt to separate 
dolomite. Intact pieces of fresh CCA were soaked in 2% HCl or acetic acid for durations 
of 30 minutes to 24 hours. The sides and underside were gently scraped and analysed 
with the expectation that the Mg-calcite would have dissolved leaving the dolomite 
intact. However, the XRD results showed no difference in the relative amounts of 
dolomite and Mg-calcite.  
 
In a different approach, powdered CCA was treated with acid (2% HCl), and while 
magnesite was removed there was no change in relative amounts of Mg-calcite and 
dolomite even after 20 acid treatments of the same powder sample. Dissolution tests were 
carried out on CCA crusts from cores drilled through the coral-algal ridge at the Indian 
Ocean island of Rodrigues (Rees et al., 2005). Crusts from 35 cm and 3.2 m down core 
were checked by XRD and all found to have clearly separated dolomite peaks (Nash et al. 
2013 SI Fig. 14b). The estimated age for these is 290 and 2670 yrs respectively. 
Fragments of the 2670 yr old sample were treated with 2% acetic acid with the 
expectation the dolomite may be separated similarly to geologic samples. A CCA chip 
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left overnight in the 2% acetic acid unfortunately had completely dissolved by the 
morning, unlike the fresh samples that took 3-4 days to decalcify.  
 
The only treatment that resulted in dolomite enrichment and thus enhanced dolomite 
XRD peaks came from a powdered 10x10x3mm piece of the Rodrigues core 2970 yr old 
CCA. The sample was loaded in a vacuum flask, briefly flushed with 2% acetic acid, and 
immediately rinsed with de-ionised water under vacuum. The vacuum was used so that 
the powder was flushed with the acidic treatment but did not remain in it as early trials 
showed the powdered core samples could entirely dissolve unexpectedly quickly. The 
dolomite peak after this treatment was enhanced relative to the pre-treatment samples. 
This treated sample was analysed repeatedly with powder XRD at a very slow scan speed 
of 0.3 degrees per minute and the 16 repeat scans added together (Fig. 3-13). There is a 
clear ordering peak at the d(015) position, d(021) is obscured by the Mg-C peaks and the 
d(101) peak is not clearly above background.  
 
Figure 3-13: XRD pattern of Rodrigues core CCA treated with acid. Ordering peak at 
(015) visible, possibly a double peak. Mg-calcite obscures (021) ordering peak position. 
Peak at (101) not visible. D – dolomite, Q – quartz, A – aragonite, F – fluorite. 
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It is interesting to compare this CCA to a sedimentary dolomite classified as ‘poorly 
ordered’ (Gregg et al., 2015). Adjusting the scans so that the d(104) peak heights are 
equal it can be seen that the d(015) ordering peaks match in height and broad shape (Fig. 
3-14). The geologic sample has lower background than the CCA making the d(101) peak 
clearly visible. From these results and the scan comparisons it seems reasonable to 
conclude that the core CCA has poorly ordered dolomite, or a mix of ordered and 
disordered dolomite with an XRD profile matching a poorly ordered sample. This issue 
of ordering is re-visited in Chapter 5 on crust characterisation. 
 
 
Figure 3-14: Comparison of ordering peaks (101), (015) and (021) for geologic dolomite 
of San Salvador (figure from Gregg et al., 2015) and overlaid with the XRD pattern for 
the acid-treated Rodrigues core CCA sample. The (015) ordering peak in the CCA is 
comparable to the geologic sample. The (101) peak is not clear and the (021) peak is 
obscured by the Mg-calcite peak. 
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During the final stages of this thesis preparation ordering peaks (101) and (015) were 
detected in a fresh CCA sample that had not been subjected to any treatment to separate 
dolomite (Fig. 3-15). The initial scan showed a clearly strong asymmetry and possibly 
ordering peaks. The sample was rerun 16 times over 3 days to obtain the lowest 
background scan possible. The positions for the ordered and disordered dolomite ordering  
 
Figure 3-15: Section of XRD scan for P. onkodes, control sample, collected from Davies 
Reef showing the (101) ordering peak and a split peak for the (015) ordering peak. The 
blue T’s are the peaks for disordered dolomite and the red for ordered dolomite. 
 
peaks are shown on the scan. There are split peaks at the (015) ordering position, split 
peaks have similarly been noted for sedimentary dolomite (Jones and Luth, 2002) and 
were attributed to the presence of a low calcium and high calcium dolomite. The ordered 
dolomite file is from the PDF ICDD file cited above. The ordered dolomite file was 
adjusted using the unit cell parameters from Zhang et al. (2011) to create a file for 
disordered dolomite. The EVA software automatically created the ordering peak 
positions, shown for the disordered dolomite. This sample was from the control set of a 
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CO2 experiment [chapter 8 and Nash et al., (2015)] originally collected from Davies Reef 
on the Great Barrier Reef. This sample was collected fresh, embedded in resin and placed 
in a control tank for 3 months.   
 
 
Figure 3-16: Comparison of dolomite features in core CCA (A, B) and fresh CCA from 
Heron Island (C, D). A and C show dolomite cell lining features present in both samples. 
B and D show dolomite nano-rhombs also present in both samples. 
The XRD scans shown in figures 3-13 (Rodrigues CCA) and 3-15 (fresh CCA) indicate 
that there is at least partial ordering within the CCA dolomite for the two example 
samples.  SEM imaging of the 2670 year old Rodrigues CCA (Fig. 3-16 A, B) show the 
typical features of dolomite cell lining and dolomite rhombs are comparable to the same 
features in a fresh CCA (discussed in detail in chapter 5) from Heron Island fore reef 
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(Fig. 3-16 C, D).  These XRD results together with the SEM comparison suggest that 
dolomite features formed in the living CCA are preserved in dead CCA after thousands of 
years.  Following from this, the ordering peaks clearly shown for the Rodrigues samples 
(Fig. 3-13) are probably representative of the ordering status at the time the CCA 
dolomite was originally formed and not a result of substantial post-mortem diagenesis. It 
is concluded from this work that dolomite in CCA can be at least partially ordered.  This 
conclusion is expanded further in chapter 5 with a comparison to experimentally prepared 
disordered- ordered dolomite.  
 
3.10 Summary of XRD methods 
The objectives of this chapter were achieved and a method to reliably identify and 
quantify mineral presence was developed. Initial identification of mineral phases can be 
made by visual assessment of the curve asymmetry. The asymmetry assessment can be 
used to quantify changes in asymmetry, which can be used for comparison of relative 
differences between samples. The curve subtraction method provides an estimate of the 
range of MgCO3 content for the dolomite and this can be used in Rietveld refinement to 
quantify the minerals present. The large range of Mg content represented by the strong 
dolomite asymmetry requires establishment of multiple dolomite mineral profiles to 
enable reliable curve fitting using Rietveld refinement. The MgCO3 content for the total 
sample, can be calculated from the mineral quantities and compositions determined by 
the above methods. This calculated value is in fair agreement with the analysed bulk 
MgCO3 content as determined by ICP-AES. Targeted subsampling together with the 
asymmetry interpretation can reveal subtle changes in relative mineral quantities in 
different parts of the CCA crust. Treatment with acid to separate dolomite in the fresh 
CCA was unsuccessful but did enhance the relative amount of dolomite from CCA in 
Holocene core samples. XRD patterns were obtained which showed ordering peaks 
suggesting that the CCA dolomite is at least partially ordered. The methods developed in 
this chapter are applied throughout the remainder of the thesis. 
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4  Nanoindentation methods  
This chapter addresses Aim 2 - Determine nanoindentation methods to obtain information 
relevant for identifying reef-building mechanical properties, by pursuing the following 
objectives: 
1. Determine the appropriate parameters to obtain reliable hardness and elastic 
modulus measurements using a Berkovich tip on a homogeneous biological 
carbonate, coral. 
2. Using the parameters determined from objective 1, determine if the same 
methods can be applied to CCA to obtain reliable hardness and modulus 
results. 
3. Assess the utility of high load indentation using a 1mm tip over a 
representative composite area in CCA. 
4. Determine appropriate parameters to obtain reliable fracture toughness 
measurements on a homogenous biological carbonate, coral. 
5. Using the parameters determined from objective 4, determine if the same 
methods can be applied to CCA to obtain reliable results. 
6. Assess which of these methods provides the most physically meaningful 
results in the context of structure reef development. 
 
Further to these specific objectives, this chapter reviews the application of 
nanoindentation to other biominerals and macro-scale testing of corals. Using the 
homogenous aragonite coral skeleton, a comparison is made of the calculated contact 
area using Oliver and Pharr (1992) formulas to the residual indent measured using SEM. 
Tests are made to check for load-induced changes to hardness and modulus and it is 
found that loads less than 20 mN trend higher than loads above 20 mN. Tests were made 
for anisotropy and there was no significant difference in results indents into the 
horizontal cut surface compared to the vertical cut.  Tests were made on corals cleaned 
with bleach and found there was no significant difference in hardness but elastic modulus 
was significantly higher for the bleached samples. Testing for hardness and modulus 
using a Berkovich tip returned reliable results for the coral. However when applied to the 
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CCA a sampling bias due to the composite nature of the material is identified. Alternative 
techniques for obtaining non-biased reliable information are trialed using a large 1 mm 
spherical tip. These higher load and large tip methods have the advantage of returning 
measurements representative of the composite nature of the crust and allowing rapid 
assessment of changes throughout a complex CCA crust. Fracture toughness testing using 
the Berkovich tip is found reliable for the coral, but crack propagation is dependent on 
the mineral assemblage substrate in the CCA. Finally, a suite of tests is proposed to 
enable comprehensive reliable assessment of relative changes in mechanical properties 
within and between CCA samples. 
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4.1 Introduction 
Traditionally used to test metals and ceramics, there is a growing body of literature using 
nanoindentation to test the mechanical properties of a variety of biological substrates 
(Enders et al., 2004) for example; insect cuticles (Hayot et al., 2013), echinoderm spine 
(Moureaux et al., 2010), squid beaks (Miserez et al., 2008), chitinous black corals 
(antipatharians) (Juarez-de la Rosa et al., 2012), teeth (Tesch et al., 2001), animal bones 
(Montalbo and Feng, 2011) and pteropods (Teniswood et al., 2013). More recently 
nanoindentation has been successfully applied to test for OA induced changes in bivalves 
(Ivanina et al., 2013). Calcareous serpulid tubes with decreased tube thickness and 
density were tested using nanoindentation and had a decrease of 80.8% and 70.0% for 
hardness and elastic modulus respectively (Li et al., 2014). Blue mussels Mytilus edulis 
were significantly harder and had increased modulus when grown under elevated CO2 
(Fitzer et al., 2014), although higher temperatures modulated their response.  
 
To date, there are no nanoindentation studies of reef-building corals, although there are 
several studies on the mechanical properties of corals using macroscopic analytical 
methods. Alvarez et al. (2002) performed measurements of Vickers hardness, 
compressive strength, bulk density and apparent porosity on Acropora palmata corals 
when investigating these for suitability as a bone substitute. Wu et al. (2009) selected 
three aragonite coral species (Acropora sp., Goniopora sp., and Porites sp.) to analyse for 
pore size, porosity, permeability, and mechanical strength. Work on coral fracture 
properties has used 3-point-break testing and cylinder compression (Chamberlain, 1978; 
Schumacher and Plewka, 1981; Rodgers et al., 2003).  
 
There are several challenges to applying both the nanoindentation and macro-scale 
methods used in the studies cited above to CCA. The macro-scale testing techniques 
require larger samples than can always be obtained from the CCA fragments. The 
nanoindentation studies above were able to apply indentation testing across relatively flat 
and non-porous surfaces of organism skeletons to obtain reliable hardness and modulus 
measurements. The CCA analysed for this work all have micron-scale porosity and 
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topography that pose challenges to obtaining nanoindentation measurements for all 
components of the CCA crust. All tests in this thesis were carried out on dry coral or 
CCA samples.  Chamberlain (1978) made a comparison of results for wet and dry coral 
and found no difference in the mechanical strength measurements.  The CCA testing was 
completed within 18 months of their collection and it is not expected that their organic 
material would have altered enough over that time to effect the measured properties.  
 
 
4.2 Hardness and modulus measurements  
4.2.1 Coral 
Coral samples, Porites cylindrica were collected from the Heron Island reef flat in 
approximately 1.5 m depth. Corals for this test were kept for 6 months in a control tank 
experiment and supplied by D. Kline (Kline et al., 2015). The coral samples were cut into 
approximately 3 mm thick pieces using a bench top saw with a 2 mm thick diamond 
impregnated blade. Samples were glued to a thin metal plate using crystal bond and were 
polished using sequentially reducing grit size SiC grinding paper of 1200 (15 µm), 2400 
(10 µm) and 4000 (5 µm). Subsequently the samples were polished via diamond paste 
with diameters of 3 µm and 1 µm on silk paper for 10 minutes each to get an even 
smoother surface (Fig. 4-1). Samples were cleaned by a 5 minutes ultrasonic treatment of 
deionized water buffered with a tetraborate buffer solution with a pH of 7.9. Corals were 
not bleach treated. The same preparation procedure was used for the CCA but with only 2 
minutes ultrasonic cleaning time using unbuffered deionized water. The reason for using 
the unbuffered water was to reduce the risk of unintended remineralisation of unstable 
carbonates and to slightly etch the surface of the CCA enabling the fine scale mineral 
features to be observed (chapter 5). The lesser time for the CCA was to minimise the risk 
of dislodging naturally occurring secondary minerals resting in cell voids and avoid 
dissolution of unstable minerals.  
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Figure 4-1: Coral used for indentation A. After polishing. B. SEM- despite macro scale 
porosity, areas of ~100 µm2 of homogenous surface allow indent grid arrays (white 
arrows). C. Enlargement of indent grid. 
 
4.2.2 Testing influence of load, anisotropy and bleaching on calculated hardness 
and modulus 
The pyramidal Berkovich tip was used for hardness and elastic modulus measurements. 
Before indenting to measure hardness and modulus, tests were undertaken to determine 
the appropriate range of loads. Firstly, to determine what loads induced fractures so that 
loads for hardness and modulus testing could be set beneath these, and secondly to 
determine if there was a load-induced effect for lower loads on the calculated hardness or 
modulus as has been noted for a range of materials (e.g. Enders et al., 2004; Ma et al., 
2005). Fractures were noted to form from all three indent edges for loads of ~ >200 mN 
(discussed further in fracture section). Infrequent cracking was noted for indents below 
this load.  
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To test for load-induced effects on calculated hardness and elastic modulus 65 indents 
were made from 5 – 70 mN, with 1 mN load increments. The point of this exercise was to 
see if lower loads showed higher modulus and hardness using the Oliver and Pharr 
formulas as has been shown to occur in a range of other materials (e.g. Enders et al., 
2003). This would enable a load range to be identified that did not skew the hardness and 
elastic modulus measurements. Grids of 5 x 5 and 5 x 4 indents at 20 microns spacing 
were used. The septa (internal branching  Fig 4-1) widths are generally larger than ~100 
microns allowing one grid to cover its breadth (Fig. 4-1 B). Elastic modulus increased 
below loads of 10 mN and displacement of 250 nm (Fig. 4-2 A, B). Below 20 mN and 
380 nm there is large scatter in data and a notable increase in calculated hardness (Fig. 4-
2 C, D). The typical load- unload curves showing applied load and measured depth (Fig. 
4-3) The average hardness and modulus were 6.35 GPa (s.d. 0.44 GPa) and 88.05 GPa 
(s.d. 3.74 GPa) respectively for the range of indents from 20 mN -70 mN. 30- 50 mN was 
selected as the load range to test for hardness and modulus. 
 
Figure 4-2: Testing for load-induced trends. A, B, Modulus compared to load and depth. 
C, D, Hardness compared to load and depth. 
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Figure 4-3: A selection of coral load and unload curves used for data presented in figure 
4-2. 
 
Anistropy 
Anistropic materials have mechanical properties that are directionally dependent, for 
example, the mechanical properties may differ depending on the whether indentation is 
parallel or perpendicular to growth direction.  The branching coral acropora has been 
found to be anistropic in macro testing (Wu et al. 2009).  To test for anisotropy one of the 
coral branches was cut length ways from the tip down for comparison to mechanical 
properties for a piece cut across the branch. The vertical cut had hardness of 5.23 GPa 
(n=49 indents, s.d. 0.85 GPa) and elastic modulus of 78.1 GPa (s.d. 0.67).  The horizontal 
cut had a hardness of 5.1 GPa (n=97, s.d. 0.85 GPa) and elastic modulus of 75.1 GPa (s.d. 
14.3 GPa). There was no statistically significant difference in the results obtained for the 
hardness (p= 0.28) or modulus (p= 0.22).  Although there was no difference all remaining 
tests were carried out using only horizontal cut pieces in the interest of maintaining 
consistency. 
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Bleached versus unbleached 
A coral horizontal slice was soaked for 48 hours in 5 % commercial household bleach 
(White King). Bleaching removed 5% of the sample by weight.  There was no significant 
difference (p= 0.134) in hardness; unbleached 4.94 GPa (n=134, s.d. 0.55 GPa), bleached 
5.08 (n=76, s.d. 0.71 GPa).  However there was a significant (p= 0.003) increase in 
elastic modulus for the bleached sample, unbleached 74.9 GPa (s.d. 8.6 GPa), bleached 
78.3 (s.d. = 7).  It cannot be determine from these results alone exactly why there is an 
increase in elastic modulus after bleaching.  However it was decided not to bleach any of 
the experimental samples prior to indentation. 
 
 
4.2.3 Comparison of calculated and measured indent area 
Fundamental to the precision of the hardness calculation is the accuracy of the contact 
area calculated using the Oliver and Pharr formulas. This accuracy has been noted to be a 
problem for biological substrate nanoindentation (Enders et al., 2004). To test the 
accuracy of the contact area calculated by the Oliver and Pharr formulas programmed 
into the Hysitron software, comparisons were made to the area of the residual indents 
measured in SEM. For this comparison only indents with smooth load/ unload curves 
were used. Hardness was calculated from the SEM results and compared to the Oliver 
and Pharr calculated hardness. The area of residual indent was measured in SEM for 
sixteen indents made into coral using the Berkovich tip at 30 mN loads (Fig. 4-4). These 
were within +/- 16.9% of the calculated area with an average deviation from the Areacalc 
of 3.6% (Table 4-1).  
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Figure 4-4: Example of indent in coral used for area calibration. Ac -contact area. 
Scratches are from polishing. Fragment of skeletal material adjacent to indent. 
 
For the CCA, the contact areas of seven indents made at 50 mN were measured. Similarly 
to the coral, there was a trend for the CCA calculated area to be less than the SEM 
measured area. This resulted in the calculated hardness using Oliver and Pharr, being 
generally higher than the hardness from the SEM measured area. The reason for this may 
be that carbonate crystals between the contact displacement and final displacement 
(schematic of indention section, Fig. 2-2, chapter 2) are deformed during indentation by 
the movement down of adjacent crystals under pressure and do not recover afterwards, 
though the depth rebounds. These would probably appear in SEM to be flattened and part 
of the indent impression. 87% of the SEM-calculated hardness measurements were within 
+15% and -6% of the calculated hardness using the Oliver and Pharr formulas.  
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Coral 
   
CCA 
  H sem 
(GPa) 
H calc 
(GPa) % diff to SEM 
H sem 
(GPa) 
H calc 
(GPa) 
% diff to 
SEM 
5.24 5.34 1.8% 
 
3.17 3.58 13% 
5.17 5.41 4.6% 
 
2.91 4.70 61% 
5.67 5.64 -0.6% 
 
3.02 3.44 14% 
4.60 4.67 1.5% 
 
3.51 3.34 -5% 
4.36 3.62 -16.9% 
 
3.95 2.90 -27% 
4.57 5.2 13.7% 
 
2.60 2.86 10% 
4.24 4.86 14.6% 
 
2.78 2.98 7% 
4.31 4.81 11.6% 
 
Averages 
  5.20 5.65 8.6% 
 
3.14 3.40 11% 
5.79 5.61 -3.2% 
    4.63 4.48 -3.3% 
    4.14 4.72 14.0% 
    4.66 4.84 3.9% 
    4.16 4.13 -0.6% 
    4.95 5.56 12.4% 
 
 
  4.64 4.36 -6.0% 
   Averages 
      4.77 4.93 3.5% 
    Table 4-1: Comparison of hardness using SEM measured contact area and Oliver and 
Pharr calculated area. 
 
4.2.4 Hardness and modulus testing of CCA 
A load of 50 mN using the Berkovich tip was applied to a typical mid-crust dolomite – 
Mg- calcite crust section of the CCA (Fig. 4-5) (full description of crust features in 
chapter 5). This had Mg-calcite cell walls and dolomite lining. Five grids of 5 x 4 indents, 
spaced 20 microns apart were made. To understand what crust behaviour the different 
type of load curves represented, a comparison was made with the load / unload curve and 
the residual indent. The aim was to determine which load curves presented an indent onto 
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a solid surface that did not collapse during indentation and these curves would be used to 
calculate hardness and elastic modulus.  
 
 
Figure 4-5: Example array of indents (marked by numbers) at 50 mN in CCA, load rate 
10 mN/s. 
 
A curve was considered usable for the purposes of calculating hardness and modulus if it 
was smooth on loading with no visible defects. Examples of these with corresponding 
SEM imaging of indent are given in figure 4-6. These were the indents used for the area 
calibration. Defective load curves included those that showed rapid displacement on 
initial loading, pop-ins, breaks, or bumps. Examples of defective curves and 
corresponding indents are given in figure 4-7. Five of the indents with defective load 
curves were only partially on solid substrate with the tip landing partially in a cell void 
(examples in Fig. 4-7). The remaining indents with defective curves were visually 
comparable to indents with good curves. However there were loose fragments of crust 
and organic material visible within the indent area that may have interfered with the 
indentation loading. Of the one hundred indents only 41 had usable load - unload curves, 
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compared to 81% of coral indents. The average hardness and modulus for the smooth 
indent curves of the 100 indents was 3.4 GPa (s.d. 0.55 GPa) and 58.9 GPa (s.d. 5.4 GPa) 
respectively.  
 
 
Figure 4-6: Examples of 3 indents with corresponding smooth curves. A. Indent entirely 
in inter-filament area, H = 4.7 GPa, E = 62.8 GPa. B. Indent entirely in inter-filament 
area, H = 3.4 GPa, E = 65.3 GPa. C. Two of the indent corners are on cell walls, 
remainder in inter-filament, H = 2.98 GPa, E = 55.5 GPa. 
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Figure 4-7: Examples of indents with defective curves. A. Indent on cell walls has broken 
the cell walls. The curve has initial rapid displacement (arrow) at low load. B. Indent 
partially on inter-filament, cell wall and dolomite lining, cell wall appears to have 
depressed under the indent load. Load curve has pop-ins (arrows). C. Indent is in a 
dolomite-lined cell and there appears to be no contact of the tip-apex with the cell. The 
edges of the tip have made contact with the edges. Curve had rapid displacement at low 
load (lower arrow) and bumpiness on upper load curve (top arrow). 
 
In an attempt to improve the success rate of the indentation, indent placement was made 
individually between cells in areas that were without visible defects or micro-porosity. 
This area was a comparable crust type (Perithallus-dolomite) to the area used for the 50 
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mN grids. The first four 50 mN indents failed (broken load curve indicating rapid tip 
displacement as the crust collapsed under the indenter) and the load was reduced to 30 
mN. This resulted in a 61% success rate (20 from 33 indents). However, the calculated H 
and E were significantly higher (p = 0.001 for both), 4.2 GPa (s.d. 1.2 GPa) and 67.8 GPa 
(s.d. 15 GPa) respectively, than the average for the 50 mN load. There are two possible 
explanations for this difference; either the crust had different material properties from the 
original sample area, or, the differences are due to the individual site selection biasing the 
results. To test this, another 100 indents were made using the 5 x 4 grids with a 30 mN 
load. The success rate was higher (50%) than for the 50 mN indents and there was no 
significant difference between the 30 mN grid (H= 3.4 GPa, s.d. 6.7 GPa, E= 57.3 GPa, 
s.d. 6.7 GPa) and the 50 mN grid results. These results suggest the difference for the 
individual indents was most likely due to an operator site-selection bias.  
 
4.2.5 Assessment of Berkovich tip for hardness and modulus measurements 
The use of the Berkovich tip for hardness and modulus calculation returns consist results 
for the coral and CCA. The standard deviation as a percent of average of hardness (16%) 
and modulus (9.2%) for the CCA is greater than for the coral (7%, 4.2% respectively), 
reflective of the heterogeneity of the CCA crust.  
 
The pattern of indentation in figure 4-5 reveals the main problem applying this 
indentation method to the CCA. There is a bias to measure only one type of mineral, that 
is the Mg-calcite, and particularly the inter-filament Mg-calcite because this has a larger 
surface area than the cell wall Mg-calcite and dolomite lining. Therefore, there is a 
greater probability of more successful indents that do not collapse and produce defective 
load curves. The width of the inter-filament area varies with seasonal conditions in other 
species Lithothamnion glaciale (Kamenos and Law, 2009) and there can be distinct 
seasonal banding of growth widths (Halfar et al., 2000). Thus there will be a bias toward 
more successful indents in areas formed during these seasons. This bias is perhaps not 
such an issue where the aim is to characterise one sample, however when comparing 
samples grown in different environments or experimental treatments, this potential bias 
must be considered and is problematic. 
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Two other methods were considered to overcome this bias; 1/ low load indents using in 
situ imaging to precisely locate the tip on each type of skeletal structure, and 2/ high load 
indents using a large 1mm spherical tip to return measurements for the composite 
material. 
 
 
4.3 Low load indentation  
The TI 950 Triboindenter fitted with in-situ imaging capability and designed for use at 
loads less than 10 mN was used with a Berkovich tip. Initial testing showed that loads of 
3 mN created indents large enough to be imaged but small enough that the indent 
impression was within the 1 micron bands of the cell walls. Defective load curves 
remained a problem. For example, a series of 13 indents across a cell wall, inter-filament 
area and dolomite lining only returned 3 smooth load curves. These were biased to the 
cell wall and dolomite lining with no usable data for the inter-filament area. An array of 
30 indents similarly placed returned 16 usable curves, but again these were biased by cell 
structure type.  
 
It proved particularly difficult to obtain smooth load curves for the inter-filament area, 
which prevented a complete picture being made of the relative mechanical properties of 
the typical crust components under the same loading condition. This is an important 
shortcoming of this method as a load dependent result for hardness and elastic modulus 
below 20 mN has been noted for the coral carbonate (Fig. 4-2) and other biological and 
non-biological materials (e.g. Enders et al., 2004), consequently the fragmented data 
collected at the low loads cannot be combined with the higher load data for the inter-
filament areas to build an accurate absolute value map for hardness and modulus of the 
different mineral assemblages. Interestingly, an array of indents on the dolomite 
hypothallial wound regrowth within the main crust all returned smooth load curves and 
these showed a significant difference in modulus for the dolomite cell wall compared to 
the dolomite infill (discussed further in Chapter 6 on CCA mechanical properties). This 
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suggests that the low load method itself works, but not for all skeletal structures in the 
CCA. 
 
4.4 High load indentation using a 1 mm spherical tip 
The Berkovich tip has proven useful to measure the hardness and modulus of Mg-calcite 
in the inter-filament region, but this does not take into account the contribution of the 
total composite to the final mechanical properties. The response of the crust to destructive 
forces in the open reef environment is dependent on all components acting 
synergistically. This includes the Mg-calcite in the inter-filament region, cell wall Mg-
calcite, dolomite lining, cell voids, micro cracks and any secondary in-fill by aragonite or 
magnesite. The composite unit here is defined as the average minimum surface area that 
includes all minerals present in that particular mineral assemblage type. This is similar in 
principle to the Representative Elementary Volume analysis used for porous materials 
(e.g. Nordahl and Ringrose, 2008).  
 
The composite unit area will vary throughout the crust. Here, only the composite unit for 
the typical mid crust P-D assemblage is considered. A composite unit includes a cell, its’ 
dolomite lining, the empty cell space and the inter-filament Mg-calcite surrounding the 
cell (Fig. 4-8). Using the image in figure 4-5 that is typical for the mid-crust, the total 
area (20 414 µm2) was divided by total number of visible cells (122) returning an average 
area per composite unit of 167 µm2 (13 x13 µm). Ideally, indentation would cover 2 units 
equally either side of the tip central point, making a composite area for measurement 
purposes 334 µm2 (being 2 x 167 µm2).  Treating 334 µm2 as the circular area under the 
spherical tip, this provides a radius of 10.31 µm required to cover two composite unites.  
A 1 mm sapphire spherical tip was trialed for the composite testing. The displacement 
depth to achieve coverage of a composite unit is calculated via Pythagoras theorem (Eqn. 
4-1)  
 𝑎! = 𝑅!"#! − 𝑅!"!          (4-1)   
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where a is area, Rtip is the tip radius and Rcu, the radius of the composite unit in cross 
section.   
 
Figure 4-8: Tip area covering two composite units. IF is inter-filament area, Cell is cell 
including cell wall. 
 
Allowance has to be made for the stiffness of the material influencing the actual contact 
depth (Fig. 4-9).  
 
Figure 4-9: Stiffness of the crust influencing contact depth. 
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Note that although this is a1 mm tip, the diameter recorded as measured in the equipment 
listing was 900 µm and therefore radius used for calculations is 450 µm. The contact 
depth can be calculated using equation 4-1 as follows; 
 𝑎! = 𝑅!"#! − 𝑅!"!  ℎ! = 𝑅!"# − 𝑎 ℎ! = 450− 449.81 = 0.19  𝜇𝑚 
 
where hc is contact depth.  
 
To indent an area equivalent to two composite units, the minimum contact depth required 
is calculated at 190 nm (0.19 µm). The displacement control setting on the Hysitron load 
function was used to determine what load achieves this displacement depth. The results 
for loads of 30 – 100 mN were varied (Fig. 4-10) but all tests at 300 mN had a contact 
depth above 190 nm and this was selected as the working load.  
 
Figure 4-10: Contact depth for 1mm tip indents for a range of loads. 
 
 108 
At these low loads tip deviations from ideal spherical shape may lead to larger variances 
in calculated results. SEM was undertaken to attempt to image the residual indent for an 
area calibration however these could not be seen due to the shallow displacement and 
absence of sharp indent edges.  
 
4.4.1 Calibrating the imaged 1mm spherical area with Hysitron calculated area 
A high load of 10 N was used to test the area calibration. A series of indents at 10 N was 
made from the upper crust to the base of HF13. Using the contact depth and stiffness data 
calculated from the Hysitron software, the contact area for the indent was calculated 
using the tip area function for a spherical tip (Eqn. 4-2). 
 𝐴! =   2𝜋𝑅ℎ! −   𝜋ℎ!!      (4-2) 
 
Where R is tip radius and hc is contact depth. 
In general, the calculated contact area was larger than the SEM imaged area (Fig. 4-11).  
 
Figure 4-11: Comparison of calculated area using calculated contact depth to SEM area 
measurement. The calculated area is generally higher than the imaged area.  
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In SEM it proved difficult to clearly identify the perimeter of the spherical indent (Fig. 4-
12) compared to the ease of identifying the Berkovich indents. The reason for the 
difference in imaged SEM area compared to that calculated from contact depth may be 
that the spherical shape of the tip does not compress the mineral crystals as clearly as the 
Berkovich tip along the contact edge thus making it difficult to accurately visually 
identify the residual imprint perimeter.  The indented area is shown to encompass at least 
60 cells and thus is a useful tool for obtaining composite information. 
  
 
Figure 4-12: 10 N 1mm tip indent. A. (Secondary electron image) edges of indent are 
visible as charging where surface has cracked around the perimeter of the indent 
impression (yellow arrows). B. Same image as A in backscatter imaging, crack lines are 
visible. C. Perimeter measurement made using the Zeiss SEM software.  
 
4.4.2 1 mm spherical tip for hardness, modulus and maximum displacement  
Hardness as presented in equation 2-3 is premised on using a sharp tip such as the 
Berkovich, consequently a comparative hardness number cannot be calculated using the 
spherical tip data. Because elastic modulus is an inherent material property, it can be 
calculated from depth and stiffness. The larger spherical tip at shallow displacements 
generally only deforms material within the elastic regime and no permanent deformation 
occurs (discussed in Oliver and Pharr 1992). This is apparent in the shape of the load-
unload curve for the 300 mN indents compared to the higher load 10 N (Fig. 4-13). The 
higher loads where there is visible deformation in SEM also have a load/ unload curve 
indicative of plastic deformation whereas the 300 mN is more elastic.  
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Figure 4-13: Example of load / unload curves. A. 10 N, the curve is hysteretic indicating 
elastic-plastic response. B. 300 mN, less hysteresis indicating less plastic response and a 
shift to more elastic response. 
 
Elastic modulus was calculated manually for the 1 mm tip using equation 2-4 presented 
in chapter 2 
 𝐸! = !!    !!!      (2-4)  
 
and the tip area function (Eqn. 4-2) for a spherical tip  
 𝐴! =   2𝜋𝑅ℎ! −   𝜋ℎ!!      (4-2) 
 
where the contact depth is derived from equation 2-1 presented in chapter 2  
 ℎ! = ℎ!"# − 0.75   !!"#!     (2-1) 
 
The stiffness, S, is calculated by the Hysitron software for the individual unload curves.  
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An alternative hardness measurement was considered here, the Brinell Hardness Number 
(BHN). This method is used as an industry standard commonly for metals (ASTM 2005). 
A 10 mm sphere, usually made of hardened steel, is loaded onto the material with a 
known force and the diameter of the residual imprint is measured and used to calculate 
the curved area of impression, that is, the imprint of the spherical surface (Asph).  
 𝐴!"! = 2𝜋𝑅ℎ!"#      (4-3) 
 
Where R is the tip radius and hmax, the maximum displacement. This is different from the 
indentation hardness where only the projected area is used, i.e. across the flat surface and 
not incorporating the area of the depth impression. The Brinell hardness number is load 
divided by the curved area of impression 
 𝐵𝐻𝑁 = !!"#!!"!       (4-4) 
 
where Fmax is the maximum load. While this would provide a relative measure for 
hardness across the different measurements using the 1mm tip, its use was not pursued 
further beyond a test application as the maximum indent depth and elastic modulus 
provided sufficient information about differences in mechanical properties for different 
crust types.  
 
A transect of 26 x 10 N indents was made from the surface to the base of a CCA (HF13). 
The purpose of this test was to determine what useful information could be obtained from 
a high load, large area indent survey of the crust. Indent diameter was calculated from the 
load displacement data after each indent and the next indent was placed with an estimated 
spacing between indents of ~100-200 microns. Load curves with rapid displacement at 
the start of loading were not included in the analyses (n = 3). Elastic modulus varied 
inversely with maximum displacement (Fig. 4-14). There are clear patterns with 
displacement and modulus data with the different crust types indented. 
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Figure 4-14: Transect of 10 N 1 mm tip indents starting from the base of the CCA crust 
up the crust to the top pink surface with crust types as per chapter 5. The modulus and 
maximum displacement change inversely. Letters on graph refer indent images (Fig. 4-
15), DMC- dolomite lining, Mg-calcite cell wall and inter-filament intact; EB - endolithic 
boring; Mg in-fill -unidentified Mg- mineral and/ or magnesite; Arag- aragonite.  
 
The highest displacement was for the base edge where the indent has partially collapsed 
the skeleton edge (Fig. 4-15 A). Within the Mg-calcite crust with dolomite (DMC) crust 
zone, the unaltered Mg-calcite with dolomite lining cells (DMC) consistently has the 
least displacement, alteration areas within the DMC have higher displacement and the 
shallow surface crust (down to ~300 µm depth into crust) has higher displacement than 
the DMC. 
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Figure 4-15: Examples of 10 N 1 mm tip indents showing the crust complexity captured 
by the larger indents. White arrows in A, B, D and E indicate cracks at edge of indent 
impression. A. Base, altered, E = 6.4 GPa, Disp. = 19 677 nm, B. Alteration, E = 22.9, 
GPa, Disp. = 8 117 nm, white box enlarged in C. C. Close-up of white box in B, edge of 
indent impression (black arrow), indent above black arrow. D. Indent on edge of regrown 
conceptacle, E = 22.4 GPa, Disp. = 8 144 nm. E. Typical dolomite Mg-calcite area with 
endolithic boring (black arrow), E = 22.8 GPa, Disp. = 8 320 nm. F. Middle of indent in 
surface area with internal fracturing (arrow), E = 15.3 GPa, Disp. = 11 087 nm.  
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This high load transect, reveals indentation response trends of the different mineral 
assemblages. The most notable advantage of this test from the operator perspective was 
the immediacy of informative reliable results. Of the 26 indents, 23 were usable. The 
entire transect exercise, excluding SEM imaging, was complete within 2 hours. This is in 
comparison to using the Berkovich tip at low load where the same coverage testing would 
take 3-4 days and would not return information on the composite response. Fracture 
testing (discussed in next section) indents would take a similar amount of indentation 
time as the 1mm 10 N indent array, however the analysis cannot be complete until all 
indents have been imaged in SEM, adding further time and cost.  
 
The usefulness of the 1 mm tip high load indentation is to provide rapid information on 
relative differences in crust response to indentation. This provides a clear picture of 
where changes occur throughout the crust allowing for subsequent targeted testing of 
mechanical properties. This is important factor to consider when planning analytical 
design for large sample sets.  
 
 
4.5 Indentation methods for fracture toughness 
4.5.1 Fracture testing of coral 
The final test in this suite of nanoindentation methods is for fracture toughness. This was 
first tested on the coral. Loads from 50 mN to 1200 mN were trialed to determine the 
load that most consistently resulted in crack propagation extending outwards from the 
indent corners. A variety of problems were observed with the higher loads. Cracks may 
propagate to the edge of the skeleton (Fig. 4-16 A), pile up around the indent which 
dissipates the crack energy (Fig. 4-16 B) or interact with cracks from nearby indents (Fig. 
4-16 C).  
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Figure 4-16: High load fracture indents in coral. A. Crack reaches edge of skeleton. B. 
Uplift around indent as competing mechanism of energy dissipation. C. Cracks interact 
with other indent. 
 
Indents near the edge of skeleton may result in collapse of the skeleton under the indent 
load (Fig. 4-17). Fractures formed in most indents above 300 mN (Fig. 4-17).  
 
 
Figure 4-17: Grid of increasing loads from 300 mN to 412.5 mN. Indents too near the 
internal septa edge lead to collapse of the skeleton. Inset: cracks propagate out from each 
indent edge. 
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Cracks generally formed from all three indent corners at loads down to 200 mN (Fig. 4-
18). Infrequent cracks were observed in low loads <100 mN and not every indent resulted 
in cracks from each corner (Fig. 4-19 A). Low load cracks are difficult to differentiate 
from existing defects (Fig. 4-19 B). Cracks propagate either directly from the indent edge 
or slightly off centre (Fig. 4-17 inset,) and generally extend in continuance of the indent 
line. Finally, fracture indents were best placed nearest the middle of a septa branch and 
using loads of 600 mN. This avoided extensive cracks leading to skeleton breakage, or 
interference with other indents, as well as being a load that always resulted in crack 
propagation. The average fracture toughness for the coral was 0.52 MPa m1/2 (s.d. 0.06 
MPa m1/2, n = 7). 
 
 
Figure 4-18: Fractures off a 200 mN indent. A. Cracks propagate from each corner. None 
are visible radiating from the sides. B, C, D. Cracks are not deflected by defects in 
skeleton. 
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Figure 4-19: Low load indents A. Cracks extending from only one edge. B. This may be a 
fracture or pre-existing defect. 
 
4.5.2 Fracture testing of CCA 
Following on from the fracture testing for the corals, a load of 600 mN was first applied 
to the CCA’s. This load area covered at least 4- 8 cells. Early tests showed that cracks 
formed at this load and 600 mN was used for the first fracture transect down the crust of 
the control CCAs. Unlike the corals, the CCA exhibited a wide variety of responses to 
600 mN loading. Cracks did not consistently propagate from each corner, but when they 
did appear the cracks followed pre-existing skeletal weaknesses or structures (discussed 
at length in Chapter 6) (Fig. 4-20 A). In the highly porous surface growth the skeleton is 
crushed into pore spaces, there are cracks within the indent impression but no cracks 
propagate from the tip corners (Fig. 4-20 B). 
 
Figure 4-20: Example of 600 mN fracture indents. A. Mid crust- cracks propagate from 2 
corners and follow existing skeletal weaknesses or between cell features. B. 400 microns 
below surface, no dolomite infill. Skeleton crushes under indenter tip. No crack 
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propagation. Displacement for indent A is 2 842 nm, whereas the compressed indent in B 
has displacement nearly 3 times greater at 7 844 nm.  
In order to find a load consistently resulting in fracture cracks, test loads of 1 N to 10 N 
were used in a line across the main thallus and 5 N and 10 N in the basal layers. Crack 
propagation depended more on the location in the crust rather than the load used. Loads 
of 1 N to 10 N in the mid-crust generally resulted in crack propagation (13 of 14 indents) 
(Fig. 4-21 A) whereas loads of 10 N in the basal crust did not always induce fracture 
(Fig. 4-21 B). 
 
 
Figure 4-21: 10 N indents. A. Indent in mid crust. Cracks propagate from corners 
(arrows). B. Indent into area of crust with alteration ~400 microns above base. No crack 
propagation. 
 
When calculating fracture toughness for the corals, the hardness and modulus determined 
from 50 mN indents in the skeleton were used in the fracture toughness equation 2-6 
from chapter 2. However, for the CCA, the 50 mN indents only represented the hardness 
and modulus values for the Mg-calcite, mostly in the inter-filament. Whereas fracture 
loads generally encompass the range of minerals and porosity present and is effectively 
the composite response. Thus the first problem when calculating fracture toughness for 
CCA is to determine what values of modulus and hardness should be used.  
 
Here three options are considered. Firstly; to use the average hardness and modulus from 
the 50 mN Berkovich tip data. The advantage is that this data is relatively easy to obtain 
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and represents the main mineral present (Mg-calcite is typically >80 % of mineral 
quantity-chapter 8, experiment 2). The disadvantage is that the contributions from 
dolomite cell lining and porosity are not recognised. Second alternative; to obtain 
hardness and modulus for each mineral phase, i.e. dolomite, cell wall and Mg-calcite, as 
well as a porosity proportion and use this data as a weighted average for each mineral 
phase based on the quantity of each under the indent. The advantage is that each mineral 
type present would be in the final hardness and modulus. The disadvantage is that 
collecting the date for this is time consuming and the relative proportion of each mineral 
in a specific indent site cannot be accurately measured, or even estimated. Furthermore, 
attempts to measure the individual mineral phases using the low load indentation with the 
aim to use in this calculation were unsuccessful (discussed in previous section). Third 
alternative; it is possible to use the hardness and modulus returned for fracture indent 
being measured. The advantage is that these measurements represent an average for the 
composite and porosity of the area of interest. The disadvantage is that these values may 
be reduced because fracturing dissipates energy. Another consideration is that the tip area 
function calibration in fused silica is only made to a depth of ~1000 nm, so the hardness 
and modulus calculations where displacement is greater than 1000 nm may not be 
precise. However, the tip area calibration is done mostly to accommodate deviation from 
the ideal Berkovich shape at the tip apex, and above this the tip is considered to follow 
ideal shape.  
 
Alternatives one and three were calculated and compared for five 5 N indents from the 
dolomite Mg-calcite crust using both the averages from the 50 mN indents (alternative 1) 
and the hardness and modulus for the individual indent (alternative 3). Fracture toughness 
using individual indent data had higher values than using the 50 mN data (Table 4-2). 
This trend was tightly correlated with r2 of 0.82 (Fig. 4-22). The individual indent data is 
applied for future work as it is considered more representative of the specific indent area.  
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Avg. H Avg. E Frac. H Frac. E KIC Avg. KIC Frac. Variance 
Frac. 1 3.4 58.9 0.95 23.59 1.37 1.74 27% 
Frac. 2 3.4 58.9 0.9 30.35 1.41 2.2 56% 
Frac. 3 3.4 58.9 1.15 32.31 1.77 2.44 38% 
Frac. 4 3.4 58.9 0.89 29.55 2.62 2.85 54% 
Frac. 5 3.4 58.9 1.58 37.47 1.17 1.44 23% 
    Average variance +31% 
Table 4-2: Fracture toughness values calculate using both indent measurements and crust 
average for hardness and modulus. 
 
 
Figure 4-22: Scatter plot for fracture toughness values calculated using individual indent 
data and crust average for hardness and modulus. 
 
Determining fracture toughness for the CCA is frustrated by an absence of consistent 
crack formation. Even for higher loads > 5 N, while fracturing was more readily induced, 
there were still indents that did not have fracturing or only had cracks from 2 corners.  
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There are concerns about the accuracy of using indentation fracture toughness for 
assessment of ceramics (e.g. Quinn and Bradt, 2007). Notwithstanding this, while it is 
common to apply fracture toughness measurements to ceramics, there has been criticism 
raised about applying this fracture toughness measurement to biological samples because 
of the complexity of their substrate (Kruzic et al., 2009). However, Scherrer et al. (1998) 
made an assessment of 3 methods of fracture toughness tested on dental glass and 
feldspar-based porcelain. The methods trialed were; 1/ indentation fracture (using a cube 
cornered Vickers tip); 2/ indentation strength (using 3-4 point bend testing) and 3/ 
traditional 3 point break with a singe edge v notch beam. They found agreement within 
10% for all results. These examples only touch on the controversy raging in the literature 
regarding indentation fracture toughness, but, for the CCA samples of interest here, 
traditional methods of 3 point bend testing are not an option to test mineral assemblage 
bands only 100 microns wide. Key for consideration in this study is that the response to 
fracturing varied systematically with the part of the crust being tested. This consistent and 
systematic response lends support to utilising indentation fracture toughness for this 
study despite the concerns raised in the literature.  
 
 
4.6 Concluding discussion 
The aim of this chapter was achieved. Methods to obtain physically meaningful 
information relevant at a reef-scale have been determined. The results for hardness and 
elastic modulus using the Berkovich tip are biased towards the Mg-calcite inter-filament 
area and do not provide information on the contribution of dolomite and porosity to the 
mechanical properties. Using lower loads does not circumvent this problem. From the 
mechanical properties perspective, of most interest at a reef scale is the capacity of the 
CCA crust to resist the physical destructive forces of high wave energy and bites. That is, 
the capacity of the crust to resist breaking. While changes in hardness and elastic 
modulus for the inter-filament area are of interest, arguably the tests that will provide the 
most physically meaningful information are the higher load 1 mm spherical tip indents 
and the fracture toughness. This is because these higher load indents generate a response 
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that is representative of the composite of all minerals present and porosity across the 
larger indented area. 
 
The complexity of biological substrates and the challenges this poses for interpretation of 
nanoindentation results has previously been noted (Enders et al., 2004). Specifically, 
Enders et al. (2004) identified the limitations of relying solely on hardness and modulus 
measurement to extract information, but noted that nanoindentation could be adapted to 
elucidate information on the substrate by considering other component data such as 
unload stiffness and load deformation. Here, the load deformation has been shown to 
indicate skeletal collapse under the indent, an indicator itself of micron-scale porosity. 
Likewise, using only displacement data from the 10 N 1mm spherical tip indents allows 
sites of change to be identified, enabling targeted investigation of mechanical properties 
associated with change.  
 
An advantage of using higher loads is that indents are deeper, penetrating through at least 
a half a composite unit and across multiple composite units. This provides an indent 
response representative of the material properties. This averaging phenomena has been 
noted as a benefit for deep indents on non-biological substrates (Maughan et al., 2013). 
As shown in the 10 N 1mm transect, the results are more consistent for mineral 
assemblage types than for individual low load sharp tip indents where > 50% have 
defective load curves.  
 
The final suite of tests developed for application throughout the remainder of this study is 
as follows; 
1. 1 mm spherical tip indents using loads of 10 N for maximum displacement 
2. Berkovich tip using loads of 30-50 mN indents in representative mineral 
assemblages for hardness and elastic modulus 
And 
3. Fracture indents using loads of 600 mN-10 N for fracture toughness. 
These three tests combined will allow a comprehensive description of mechanical 
properties and how these change throughout structurally complex CCA. 
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5 Calcification of CCA P. onkodes 
This chapter addresses Aim 3 – Describing calcification of reef-building P. onkodes, by 
pursuing the following specific objectives: 
1. Using SEM, image the skeletal features for the differing calcification types found 
within the crust 
2. Using information from objective 1, develop a hypothesis for dolomite formation 
3. Using information from objectives 1 and 2, develop a model for P. onkodes 
calcification 
 
Further to these specific objectives, this chapter describes the seven types of mineral 
assemblages typically found in CCA Porolithon onkodes collected from the fore reef 
environment. The description commences at the top surface of the crust and progresses to 
the base. The mineral assemblages are assigned the following classifications: 1/ 
Epithallus -Mg-calcite (E-M) - pink surface epithallial crust composed of Mg-calcite. 2/ 
Perithallus -Mg-calcite (P-M) - perithallus, typically a few hundred microns thick 
immediately below the epithallus. 3/ Perithallus-dolomite (P-D) - Mg-calcite perithallus 
that has additional dolomite lining the cells, typically commencing beneath the P-M type 
and extending to immediately above the altered basal layers. 4/ Alteration-various (A-V) 
- altered zone in the basal layers, which is typically a few hundred microns thick and can 
have variable mineral composition of Mg-calcite, dolomite and aragonite. 5/ Hypothallus-
dolomite (H-D) - hypothallial base growth that has primary dolomite forming the cell 
walls instead of Mg-calcite. 6/ Wound repair dolomite (W-D) - wound repair growth 
found at various locations within the perithallus crust and is formed in response to 
damage to the crust, for example, by a parrotfish bite. These cells appear comparable to 
hypothallial cells and also have primary dolomite forming the cell wall structure. 7/ 
Conceptacle-various (C-V) - a range of mineral features found in the reproductive 
conceptacles. The chapter concludes with summary of calcification types, a hypothesis 
for dolomite formation and a model for calcification. 
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5.1 Introduction 
The dominance of P. onkodes in high-energy shallow reefs has long been recognised 
(Littler and Doty, 1975) and  is arguably the most widespread tropical to sub-tropical 
CCA species (Maneveldt and Keats, 2014). However, despite P. onkodes carrying out a 
crucial reef-cementation role via the formation of a thick Mg-calcite crust, there has been 
no investigation of how the CCA carries out this cementation process, the mineral 
formations involved or what role the mineral composition plays. Non-taxonomic work on 
the crusts of P. onkodes is limited to the comprehensive studies on crust bio-eroding 
organisms (Tribollet and Payri, 2001) and the recent discovery of the extra minerals 
dolomite, magnesite and aragonite found within cell spaces (Nash et al., 2011). Others 
have demonstrated the important role of P. onkodes as a reef builder from an ecological 
perspective (Littler and Doty, 1975; Rasser and Piller, 1997; Matsuda, 1989).  
 
Most work on coralline mineralogy was carried out prior to the early 1980’s (e.g. Chave, 
1952, 1954; Moberly, 1968; Milliman et al., 1971; Bishchoff et al., 1983; Plummer and 
Mackenzie, 1974). More recently, research on coralline mineralogy has re-commenced 
due to the concerns surrounding impacts of ocean acidification and climate change on 
coralline calcification (e.g. Anthony et al., 2008; Fisher and Martone, 2014; Williamson 
et al., 2014) and the potential to use CCA as climate proxies (e.g. Kamenos and Law, 
2010; Hetzinger et al., 2011). There has been no detailed study on the calcification 
features of P. onkodes.  
 
5.2 Review of cell features, growth habits and mineral composition 
While work on P. onkodes crust and cell features is limited, there is a substantial body of 
literature for other coralline species identifying typical cell features and processes (e.g. 
Pueschel et al., 2005; Steneck, 1983, 1986; Kamenos and Law, 2010; Adey et al., 2014) 
many of which appear to be similar for P. onkodes. Corallines have two morphological 
types, non-geniculate and geniculate (Figure 5-1). Non-geniculate corallines are crustose 
and form sheets, knobby structures or thick stiff branches whereas geniculate, also known 
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as articulated, are fine branching corallines that have genicula (joints) allowing the 
branches to move with water motion (e.g. Denny et al., 2013). CCA are by definition 
non-geniculate. 
 
 
Figure 5-1: Non-geniculate CCA and geniculate coralline A. CCA P. onkodes in-situ at 
Heron Island. (Photo credit: Guillermo Diaz-Pulido). B. P. onkodes crust from 3 metres 
depth. Green patches are endolithic micro-borers. C. Articulated geniculate coralline, 
Amphiroa anceps, in-situ Kirra reef (rocky reef), Gold Coast, Queensland. (Photo credit: 
Ian Banks). D. A. anceps sliced and prepared for SEM. 
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Figure 5-2: Overview of coralline algae cell types (figure from Steneck, 1983).  
 
The epithallus is the surface calcified layer of the coralline (Fig. 5-2). Epithallial cells are 
routinely shed by the coralline, possibly to remove bio-fouling settlement (Pueschel et al., 
2002). The epithallus may also act to protect the perithallus underneath from grazing 
damage (Steneck, 1983). Below the epithallus is the perithallus and between the two is 
the meristem cell layer. The meristem role is comparative to stem cell growth. Epithallial 
cells grow upwards from the topside of the meristem cells whereas perithallial cells grow 
downwards from beneath the meristem cells (Fig. 5-2). The elongated hypothallial cells 
beneath the perithallus are those first formed from lateral extension as the CCA grows 
over new substrate (Steneck, 1983). Once the hypothallus has been laid down, growth 
direction reverts to vertical and cells of the perithallus are formed. Cells grow as vertical 
filaments and each cell is connected to the above and beneath cells by a pit connector 
(Fig. 5-3). The filaments are connected horizontally by cell fusions (Fig. 5-2, 3). These 
cell fusions, together with the pit connectors, enable transport of photosynthates between 
cells (reviewed in Steneck, 1983, 1986). Where the CCA crust has suffered damage, for 
example by a parrot fish bite, the CCA responds by sending out fast-growing hypothallial 
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cells to cover the wounded area (Steneck, 1983, 1986). In the carbonate crust these 
wound repair areas are easily visible in SEM as a band of horizontal elongated cells 
within the otherwise vertically orientated cell growth. Reproduction by CCA is via the 
formation of reproductive conceptacles to produce tetra-sporangia (Fig. 5-2). Calcite in a 
localised area of the crust is dissolved to allow the formation of the conceptacle. The roof 
of the conceptacle opens at the crust surface releasing the spores into the overlying water 
body (reviewed in Steneck, 1983, 1986). The annual vertical growth rates of P. onkodes 
have not been determined experimentally, but estimates range from 5-6 mm/y for P. 
onkodes on Lizard Island, Great Barrier Reef (Chisholm, 2000).  
 
Calcification features are documented for many temperate CCA, e.g. Lithothamnion 
tophiforme, L. glaciale, L. lemoineau (Adey et al., 2005), Clathromorphum compactum, 
C. nereostratum (Adey et al., 2013). Cell wall Mg-calcite crystals are orientated radially, 
perpendicular to the cell wall, and the inter-filament areas are calcified with prismatic 
crystals that may be vertically aligned parallel to cell walls (Fig. 5-3). Cells are longer in 
summer and shorter in winter. Cell wall calcification takes place between the inner wall 
membrane and outer wall membrane.  
 
Figure 5-3: Working model of calcification for Clathromorphum compactum (figure from 
Adey et al., 2013). 
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5.3 Methods 
The majority of P. onkodes samples used for this chapter were collected from 3-6 metres 
depth from the fore reef at Heron Is., Great Barrier Reef. Two samples from Lizard Is., 
GBR and Tawali fringing reef (Papua New Guinea) have also been included, and these 
are noted in the relevant figure legends. Scanning electron microscopy – energy 
dispersive spectroscopy (SEM-EDS) and X-ray diffraction (XRD) techniques used are as 
described in Chapters 2 and 3. For samples in this chapter, initial mineral identification 
was made by XRD of a subsample prior to SEM. Back-scatter electron imaging was used 
to identify the distribution of mineral phases within the crust. Individual EDS 
measurements were made to confirm the magnesium composition represented by each 
grey shade. Structures of particular interest were checked with EDS to confirm 
composition. Working distance ranged from 3 mm to 11 mm depending on image 
resolution required. All EDS measurements were made using 15 kV.  Unless otherwise 
noted in the figure legends, the notations use are standard throughout; D – dolomite, Mg-
C  - Mg-calcite, Mg – Magnesite, A – aragonite. 
 
 
5.4 Results 
5.4.1 P. onkodes crust structure overview 
The observations on other species are generally applicable to P. onkodes. The surface 
growth layers of the crust are the epithallial cells (epithallus) (Fig. 5-1 B). The uppermost 
layers (including the epithallus and the uppermost perithallus) have a pink pigmentation 
from the photosynthetic pigments phycoerythrin, phycocyanin, carotenoids (Payri et al., 
2001). Other organisms such as turf algae may grow on the surface (Fig. 5-1 B). The 
white crust below the epithallus is the perithallus. Green discolouration in the perithallus 
indicates the presence of endoliths. These may be bacteria, fungi, and other endolithic 
algae (Tribollet and Payri 2001; Diaz-Pulido et al., 2012). The basal layers in the crust 
are often discoloured to cream or grey and this aligns to areas of alteration by bacterial 
activity. 
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5.4.2 P. onkodes mineral composition overview 
For the tropical P. onkodes there are clear changes in mineral composition with each cell 
type layer as well as within the perithallus (Fig. 5-4). The surface epithallial layers 
consist of Mg-calcite in the range 14-16 mol% MgCO3 whereas the perithallus has 
Mg-calcite of ~16-18 mol% MgCO3. (XRD results in Chapter 7 Heron survey). SEM-
EDS measurements of the basal hypothallus cell walls show these are in the dolomite 
range (38-64 mol% MgCO3).  
 
Figure 5-4: SEM-BSE of P. onkodes crust from 6 metres depth, Heron Is. showing the 4 
crust layers pink epithallus, white crust- perithallus, perithallus with dolomite lining and 
basal cells, hypothallus. The pigmented pink band extends down from the surface to 
several hundred microns into the perithallus (white crust). CCA collected attached to 
coral substrate. 
 
Wound repair calcification within the perithallus is not of the same mineral composition 
as the perithallus Mg-calcite; instead wound repair growth is dolomite, similarly to the 
basal hypothallial cells. The wound repair hypothallial cells are elongated and orientated 
horizontally before growing upwards and reverting to typical perithallial cells (Fig. 5-
5 A, B). Other minerals occur within the crust as discrete infill of cells (aragonite, 
magnesite) alteration of the primary crust by either bacterial associated processes, 
exposure of crust directly to seawater or in association with wound repair. Each type of 
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mineral zone will now be considered in detail. Relevant comparisons to the published 
literature will be briefly made in each calcification type section. 
 
Figure 5-5: Overview of P. onkodes crust with wound repair bands. A. Multiple layers of 
wound repair. Base of crust has been altered by bacterial bioerosion. Black box enlarged 
in B. B. Dolomite hypothallial cells grow over damaged crust.   
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5.5 Epithallus 
E-M type 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-6: Location of epithallus, E-M type crust. 
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Figure 5-7: SEM of surface pink epithallial cells, view of the top of the CCA (or top 
down view). A. Five-six sided geometric shape is typical of these surface cells. Holes are 
pit connectors that vertically join one cell to the cell above/below. B. Platelet Mg-calcite 
on surface. 
 
Figure 5-7 is a view down onto the top surface of the CCA. The epithallial cells in plane 
view are polygonal, generally either pentagonal or hexagonal. Pit connectors are visible 
in each cell. The cell walls are generally raised above the flat central surface. These 
features are in agreement with epithallus imaged for other species (e.g. Adey et al., 
2005). The raised cell wall edges are coated by Mg-calcite platelets. This Mg-calcite 
platelet morphology seems only to appear on the algal surface and was not observed 
elsewhere within the CCA crust. 
 
In cross section the epithallus is partially detached from the perithallus (Fig. 5-8). This 
separation is enabled by decalcification (Pueschel et al., 2001). Epithallial cells are a 
flattened discoid shape. There are inter-filament Mg-calcite and cell wall radial crystals. 
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Figure 5-8: Example of epithallus separated from perithallus (white arrow). Cross-section 
through CCA. Dark material in top left is the crystal bond used to attach the CCA sample 
to the metal stub. 
 
At higher magnification, details of the calcite crystal morphology are visible (Fig. 5-9). 
Horizontal cell wall Mg-calcite has radial orientation and cell walls are approximately 
0.4 microns wide. There appears to be only one layer of cell wall between cells. This is 
unusual because in the perithallus layers the cell walls from adjoining cells appear as 
adjacent but clearly separate cell walls (Figures in perithallus section). The vertical sides 
of the cells do not appear to have developed cell wall crystals. Instead, the mineral here is 
vertically aligned (flattened by the organic membrane), and randomly orientated in the 
plane parallel to the cell wall suggesting inter-filament style calcification. 
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Figure 5-9: A. Orientation of cell wall and inter-filament Mg-calcite. B. With SEM 
contrast changed to highlight inter-filament crystals behind the organic membrane. 
 
5.5.1 Summary of epithallus features 
From these images the epithallus appears weakly calcified. The absence of vertical cell 
walls may be because the function of this layer is to easily separate from the perithallus; 
hence there would be no advantage to being heavily calcified. It has been proposed that 
corallines can partially decalcify during epithallial turnover (Pueschel et al., 2005), and 
hence it may be possible that original cell wall has been dissolved as part of the 
separation process.  
 
 
 135 
5.6 Perithallus with Mg-calcite 
P-M type 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-10: Location of Mg-calcite only perithallus, P-M type crust. 
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The cell walls of the first perithallus layers are ~1 micron thick (Fig. 5-11 A, B). This is 
approximately twice the thickness of the overlying epithallus cell walls. Banding within 
the cell wall Mg-calcite is visible in the enlarged image (Fig. 5-11 B) and the widths are 
irregular. The cell corners have such distinct banding it appears that a second cell wall 
has been formed. 
 
Figure 5-11: Cell walls. A. Overview of Mg-calcite layers with separated epithallus 
above. White box enlarged in B. B. Close up of Mg-calcite cell walls and inter-filament 
(IF) area. Black box enlarged in figure 12. 
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Figure 5-12: Enlargement of cell corners and inter-filament. A. Close up of radial cell 
wall crystals orientated perpendicular to cell wall. Inter-filament crystals are sub-parallel 
to cell wall. B. Radial crystals are made up of a long crystal, stacked shorter crystals or 
long crystals with regular growth interruption. This growth interruption appears as either 
a termination of the crystal or narrowing of the width both occurring along the same 
plane thereby providing the banding appearance. An organic mesh is visible at the edge 
of cell wall.  
The inter-filament crystals are grain shaped and of sub-micron length. Similarly to the 
epithallus, the perithallial inter-filament Mg-calcite crystals are aligned parallel to the cell 
wall, but without any apparent vertical organisation (Fig. 5-12 A). The exposed ends of 
the radial cell wall crystals form a coarse surface in the cell (Fig. 5-12 A). The banding in 
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the cell wall radial crystals is due to either short crystals stacking radially, or longer 
crystals with narrowing of the crystal thickness at equivalent lengths for adjacent radial 
crystals (Fig. 5-12 A, B). 
 
The inter-filament grains appear to be nestled in an organic mesh (Fig. 5-12 B). The 
organic material along the cell wall edge may be the outer cell wall membrane identified 
in other CCA (Adey et al 2013; Adey et al., 2005). The organic membrane mesh 
throughout the inter-filament area has not previously been documented in any CCA.  
 
 
Figure 5-13: Mg-calcite layers where internal bioerosion has exposed the microstructures 
of the cell wall (CW) and inter-filament (IF). A. Overview. B. Stacked Mg-calcite grains 
in cell wall and randomly orientated inter-filament grains. C. Grains in the lowest layer of 
the cell wall sit in an organic mesh. 
 
Natural etching by endolithic micro-bioeroders offers the opportunity to see the cell 
features from different angles (Fig. 5-13). The randomness of the inter-filament Mg-
calcite stands out in stark contrast to the organised radial stacked Mg-calcite crystals of 
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the cell wall (Fig. 5-13 B). The circular centre is probably an intact layer of cell wall Mg-
calcite crystals viewed from the outer cell wall direction. The cell wall crystals appear 
enmeshed within an organic framework (Fig. 5-13 C).  
 
An obvious question now arises. Considering the structural differences of the cell wall 
Mg-calcite compared to the inter-filament Mg-calcite, is there also a difference in the Mg 
content? One of the challenges in answering this question is that the size of the features, 
i.e. ~1-2 microns width, is smaller than the calculated interaction volume (3 microns) of 
the EDS beam (as per SEM methods in Chapter 2). However, with careful spot selection 
it was possible to show a relative offset between the types, even though each 
measurement potentially incorporated material from the other type (Table 5-1, Fig. 5-14).  
 
 Inter-filament  
mol% MgCO3 
Cell wall  
mol% MgCO3 
Average 16.0 21.0  
St. dev. 2.8 2.2 
N 17 17 
P <0.0001 
Table 5-1: Average mol% MgCO3 for inter-filament Mg-calcite compared to cell wall. 
Cell wall mol% MgCO3 is significantly higher (bold) than for the inter-filament region. 
 
 
The cell wall averaged 21.0 mol% MgCO3 whereas the inter-filament was 5 mol% lower 
at 16.0 mol% MgCO3. Because of the beam crossover to adjacent mineral types, the cell 
wall average is probably higher than reported here, and the inter-filament, lower. 
Reducing the operating voltage will shrink the size of the beam interaction volume but 
this will not provide accurate quantification. Using the EDS area analysis function, the 
Mg content of the crust imaged in figure 14 had 17.8 mol% MgCO3. This is in good 
agreement with 17.1 mol% MgCO3 for the bulk crust determined by XRD. Using the 
EDS mol% MgCO3 and calculating the weighted average for each phase, the carbonate in 
the imaged area would be 78% inter-filament Mg-calcite and 22% cell wall Mg-calcite. 
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For the bulk sample, the calculated inter-filament is slightly lower at 64% and cell wall at 
36%.  
 
Figure 5-14: Example of individual SEM-EDS spot measurements for mol% MgCO3 
taken 4 cell layers below the surface epithallus.  
 
5.6.1 Summary of Mg-calcite perithallus features 
The key findings from the SEM analyses of the Mg-calcite perithallus layers are that: 
1/ the cell wall radial Mg-calcite crystals have internal banding, 2/ the banding is due to 
stacking of short grains or interruptions to growth of longer crystals, 3/ the inter-filament 
crystal grains are enmeshed in an organic framework, and 4/ the inter-filament Mg 
content is less than the cell wall. 
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5.7 Perithallus with Mg-calcite and dolomite 
P-D type 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-15: Location of perithallus with dolomite cell lining, P-D type crust. 
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Dolomite infill commences typically ~ 300 microns below the surface and is distributed 
throughout the dolomite Mg-calcite perithallus as a lining of the cells (Fig. 5-16). Where 
cell fusions occur, the dolomite makes a continuous lining across the cell fusion region. 
Where dolomite is present, it is remarkably consistent and every cell is lined. Based on 
work on other species, such as temperate Lithothamnion glaciale (Kamenos and Law 
2010) the large areas of inter-filament region suggest that the band in figure 16 is a winter 
growth band, whereas summer growth has a higher cell density and less inter-filament 
region, but a cold water species Clathromorphum compactum was found to have minimal 
inter-filament formed during winter whereas it was thicker in summer (Adey et al., 2013) 
so the exact seasonality of this layer cannot be confirmed. In P. onkodes with dolomite, 
once the dolomite cell lining commences, it is present throughout the entire crust 
underneath, suggesting that it can form regardless of season.  
 
 
Figure 5-16: Overview of typical dolomite lining of Mg-calcite cells. Dolomite is darker 
grey. Darkest-grey to black indicates surface topography or a hole. 
 
Previous work (Nash et al., 2011) looked for any depletion of Mg content from the cell 
walls that could indicate dolomite formation was drawing Mg from the existing Mg-
calcite. However, no evidence was found to support that hypothesis. Indeed, aside from 
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the dolomite lining, the remainder of the calcification features appear the same as for the 
Mg-calcite only layers. Cell walls are radial Mg-calcite crystals with banding (Fig. 5-17, 
18) and inter-filament Mg-calcite is aligned parallel to cell walls. The retention of these 
fine crystal fabrics suggests there has been no diagenetic alteration of the crust as part of 
the dolomite-formation process. Furthermore, for any diagenetic alteration there first 
needs to be a pre-cursor limestone to be altered.  There is no lining by a different mineral 
in the crust immediately above the dolomite-lined cells. Therefore one of the fundamental 
components needed to support a claim for diagensis is missing. Dolomite lining at low 
resolution appears as a fine lumpy surface (Fig. 5-17), but at higher resolution this is a 
continuum of defined rhomb shapes (enlargement in Fig. 5-19). 
 
 
Figure 5-17: Overview of dolomite lining and Mg-calcite cell wall typical for the 
P. onkodes. Impression in lower left corner is from nanoindentation.  
 
The banding of the cell wall Mg-calcite may not be readily visible and depends very 
much on the SEM settings used. By using secondary electron imaging with a working 
distance of 15 mm the topography of the bands was highlighted. In this example (Fig. 5-
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18) there are ten complete bands. The bands are continuous but not of consistent 
thickness and there is a visible thickening in the cell corners.  
 
 
Figure 5-18: 10 bands in Mg-calcite cell wall. Bands are continuous but not of consistent 
thickness with a visible thickening in the corners.  
 
Dolomite lining is present as a range of crystal morphologies. Most common seem to be 
the nano-rhombs. This is a continuous dolomite lining that at high resolution is shown to 
be comprised of rhombs ~100-300 nanometres across with well-defined crystal faces 
(Fig. 5-19 A). Some cells have an infill of magnesite (Fig. 5-19 B) that forms as fine 
elongated wavy platelets. Back-scatter imaging shows a banding of magnesium content in 
some dolomite cell lining (Fig. 5-19 C) suggesting that the dolomite is laid down as 
bands. This raises the possibility that controls, unidentified at this time, on dolomite 
lining impose a periodicity to formation.  
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Figure 5-19: Dolomite lining and magnesite cell infill. A. BSE of a fractured unpolished 
sample. Dolomite forms a continuous lining of nano-rhombs (enlargement). B. SE of cell 
with dolomite lining and magnesite infill. C. Banding of grey shade in dolomite lining 
indicates there is a banding of Mg content (polished sample).  
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The proposition that dolomite cell lining can form as bands is supported by images 
showing four distinct layers within the dolomite lining (Fig. 5-20 A, B). Endolithic bio-
eroders have exposed the sides of the dolomite lining and cell wall. Platinum coating did 
not penetrate into this eroded cavity and this allowed for high-resolution imaging of the 
fine cell wall and cell lining structures.  
 
 
Figure 5-20: Bioerosion exposes fine structures that are not visible on the flat polished 
surface that has been coated with platinum. A. Dolomite layers appear continuous. 
B. Four layers are clear in the dolomite lining and there is a fine radial structure within 
the bands.  
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There is a vertical structure to the dolomite within the lining layers and the beginnings of 
small nano-rhombs on the surface. There appears to be a thin organic film over the 
dolomite lining. The cell wall radial crystals look like teeth with their roots. While the 
nano-scale rhombs seem typical, there are many examples of rhombs forming up to sub-
micron size. These large rhomb fills appear to spill from the nano-rhomb lining (Fig. 5-21 
A) and in rarer examples, start to in-fill the cell (Fig. 5-21 B). These cells were within  
 
 
 
Figure 5-21: Dolomite nano-rhomb lining. A. Cell lining with typical ~100-300 nm3 
rhombs and random larger. B. Nano-rhomb lining with cell in-fill by submicron rhombs. 
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2 mm of the surface. There was no apparent trend observed in rhomb size with depth of 
crust, that is, the largest rhombs found (Fig. 5-21 A) were not deepest in the crust. At this 
time it can only be speculated about as to what controls the final rhomb size. It is entirely 
possible that the observed rhomb size is the initial rhomb size and this size is controlled 
by micron environmental conditions within the cell at the time of initial precipitation. 
 
Another interesting variation of the dolomite lining is the appearance of ‘lumpy’ dolomite 
(Fig. 5-22 A). These lumps are consistent sizes of ~300 nanometres across and form a 
continuous layer within the cell. At higher resolution the lumps are in fact clumps of 
nano-rhombs (Fig. 5-22 B). 
 
 
Figure 5-22: Lumpy dolomite lining. A. Dolomite present as a continuous lining of 
lumpy dolomite. B. Close up shows fine scale nano-rhombs.  
 
A formation not commonly observed was that of a chunky dolomite lining / infill (Fig. 5-
23). There was a band of this dolomite type suggesting that while it was not common, 
when formed it was consistent. The dolomite infill comprises clumps of dolomite without 
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any apparent structure. Cell wall and inter-filament features remain but appear coarser 
than previous images indicating there may have been localised alteration, although a 
source was not readily observed.  
 
 
 
Figure 5-23: Dolomite lining with a chunky infill. A. Overview of mid-crust layers with 
dolomite lining and chunky infill. B. Dolomite infill is clumps of dolomite.  
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Another dolomite formation present is a thin dolomite lining coating the inner cell with 
the development of spheroidal dolomite making a partial lumpy lining (Fig. 5-24). This 
image suggests that while the initial lining may be a consistent feature, subsequent  
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Figure 5-24: Trichocyte cells (hair cells) with dolomite lining, fractured unpolished 
samples. A and B. Cells have continuous dolomite lining and additional spheroidal lumps 
of dolomite. C. Extra dolomite lumps originate lowest corners of these cells (were at this 
angle in original CCA crust).  
infill by extra dolomite, as spheroids or larger rhombs, is not consistent and dependent on 
some particular condition, unknown at this time. Viewed using secondary electron 
imaging at a large working distance >15 mm, the dolomite lining and spheres appeared 
almost translucent and gel-like relative to the surrounding Mg-calcite (Fig. 5-24 C, 25).  
 
Figure 5-25: Dolomite spheres in cell. There is continuous dolomite lining, as well as 
suspended dolomite spheres. Composition confirmed by BSE imaging and individual 
spot analysis.  
When considering the vexed question of how does the dolomite form, this gel-like 
appearance may be a clue as it suggests there is an organic component present throughout 
the dolomite crystal formation, at least in the early stages of development. Freiwald and 
Henrich (1994) imaged and identified as starch grains, similar spherical organic features 
in Arctic corallines. They documented the transition from nucleation of Mg-calcite 
crystals on the decomposing starch grains to complete infill by Mg-calcite after 
decomposition of the grains. The starch grains store energy as polysaccharides. Perhaps 
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here the process is similar but with a difference in either the polysaccharide type or an 
internal microenvironment condition that leads to dolomite formation instead of Mg-
calcite.  
It is not known exactly how long it takes before dolomite lining starts to form. Based on 
the depth where the dolomite lining commences and estimated crust growth rates, the 
crust must be at least a several weeks old, or more. But the lining itself is clearly a 
delayed process, probably not commencing until after the cells are no longer 
photosynthetically active. Targeted experimental work would be required to determine 
the time delay before initiation of dolomite lining commences. Previously it was 
observed that the amount of dolomite appeared to increase down crust (Nash et al., 2011). 
However, after examination of a greater number of crusts since that work, the banding of 
thicker or thinner inter-filament areas, layers of thicker dolomite lining and bands of 
wound repair re-growth control the overall amount of dolomite in any one area. 
Depending on the thickness of the crust and time of year the samples were collected this 
can appear as an increase down crust as was hypothesized in Nash et al. (2011), but is 
instead an artefact of collection time and crust thickness.  
 
5.7.1 Separating dolomite from Mg-calcite crust 
An on-going challenge with the work to characterise the mineral phases within the CCA 
has been to physically separate each mineral for individual XRD analysis. This has so far 
not proven possible but a relative increase in the amount of dolomite at the base of some 
CCA crusts has enabled XRD analysis that shows a dolomite (104) peak separate from 
the Mg-calcite (d104) peak (Fig. 5-26). A sample was scraped off the base of a fresh crust 
from Heron Is. and ground to a fine powder using a mortar and pestle. SEM of this 
powder after XRD showed that the dolomite cell-casts are surprisingly resistant to being 
physically crushed (Fig. 5-26 inset).  
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Figure 5-26: XRD pattern of scrapings from a dolomite-enriched CCA base (H302). The 
friable base material was scraped from under the crust. There is a clearly separated 
dolomite peak.  
The ordering peak position (021) is obscured by an Mg-calcite peak. The ordering peak 
(101) is not visible above the background and cannot be confirmed. Ordering peak (015) 
is possibly present but high background prevents reliable confirmation. From this XRD 
scan the presence or absence of ordering peaks is cannot be determined. 
 
5.7.2 Comparison of dolomite features to published studies 
Laboratory studies on the transition from amorphous to disordered then ordered dolomite 
formation (Rodrigues-Blanco et al., 2015) have demonstrated a progression in crystal size 
and definition over the transformation (Fig. 5-27) from fine nano-particles for amorphous 
dolomite composition, fined grained spheroidal clumps for disordered dolomite (proto-
dolomite) and well defined rhombs several hundred nanometres across for ordered 
dolomite. Although Rodrigues-Blanco et al. used high temperatures (100°C) to form the 
dolomite, the similarities with their imaged crystal features to those observed in the CCA 
are remarkable. The spherulitic growth process is common to the laboratory experiment 
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and the CCA dolomite. The final crystal shape for their ordered dolomite is comparable 
to that for the nano and sub-micron dolomite imaged in the CCA. 
 
Figure 5-27: A-F Figure 6 from Rodrigues-Blanco et al., (2015). FEG-SEM images of the 
different solids that formed in the experiments: (A) precursor Mg-ACC nanoparticles; 
(C) proto- dolomite; and (E) dolomite. Images at right (B, D, F) show details of the Mg-
ACC nanoparticles and the proto-dolomite and dolomite crystallite subunit sizes. G, H, 
images of CCA dolomite with comparable crystal shapes to experimental obtained 
dolomite. 
5.7.3 Summary of the P-D type layers 
The cell wall and inter-filament features in the perithallus dolomite Mg-calcite layers 
were consistent with those observed for the perithallus Mg-calcite layers. This suggests 
that the only difference for the dolomite Mg-calcite layers is the dolomite lining and that 
no alteration of existing crust occurs as part of the dolomite formation. Most notable 
about the dolomite lining is the consistency of its presence throughout the dolomite Mg-
calcite type layers. Although the lining thickness may vary, every cell checked within 
these layers had dolomite lining. The second most interesting feature is the banding 
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within the dolomite lining. Banding in any biological structure is interpreted as growth 
intervals indicative of a time interval, e.g. annual banding for tree rings. Potentially the 
banding within the dolomite lining may offer information on dolomite formation rates. 
The banding within the Mg-calcite cell walls is due to grain stacking and considering that 
the thick Mg-calcite cell walls with visible banding are present in the surficial layers, all 
the bands probably form contemporaneously when the cell first grows from the meristem.  
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5.8 Alteration layers with variable mineralogy 
A-V type 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-28: Location of altered basal perithallus, A-V type crust. 
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The CCA used in these examples have an alteration band ~500 microns thick at the base 
of the crust (Fig. 5-29) beneath the unaltered P-D crust.  
 
 
Figure 5-29: Overview of alteration at base. White box enlarged in figure 30. 
 
The thickness of the altered crust beneath the bacterial transition zone varies depending 
on the preservation and probably the age/ thickness of the crust. Between the unaltered 
crust and basal altered crust there is a transition zone (Fig. 5-30). The inter-filament Mg-
calcite has been bio-eroded preferentially and then the cell wall Mg-calcite. This creates 
visible porosity between cells. Dolomite lining remains intact.  
 
Other studies have demonstrated the bacteria Mastigocoleus sp bio-erode calcite and 
aragonite but not dolomite (Ramirez-Reinat and Garcia-Pichel, 2012). This bacteria is 
found in P. onkodes (Tribollet and Payri, 2001). The bacteria penetrate from the coral 
/CCA interface surface and move up through the CCA crust. The bacteria commence 
bioerosion with destruction of the Mg-calcite inter-filament carbonate (Fig. 5-30) and 
expand their activities into the Mg-calcite cell wall. It appears the bacteria enter along a 
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zone of weakness, i.e. the less heavily calcified inter-filament and from there erode the 
more densely calcified cell wall. The band of this erosion is narrow, less than 100 
microns. Beneath, the porosity created by the bacterial erosion is occluded with 
remineralisation by Mg-calcite in the inter-filament and cell wall areas (Fig. 5-30 C). The 
bacteria erode calcite by removing calcium from the rock and transporting it down their 
trichomes (Ramirez-Reinat and Garcia-Pichel, 2012) not by excreting acid to dissolve the 
carbonate as previously thought. Re-precipitation of this mobilised calcium as aragonite 
behind the bacteria has been demonstrated experimentally (Ramirez-Reinat and Garcia-
Pichel, 2012). In the CCA the calcium mobilised by the bacteria is probably the source 
for the remineralised crust below their active bioerosion front. Beneath this active 
bioerosion band cells may be in-filled by aragonite (Fig. 5-30 C) as well as Mg-calcite.  
 
 
Figure 5-30: Alteration at base of crust. A. Bacteria penetrate at base and move up crust 
creating a porous alteration front as it colonises up the crust. B. Bacterial destruction 
starts in the inter-filament Mg-calcite and then attacks the external cell wall. C. The 
boring traces are in-filled with Mg-calcite in the former inter-filament and cell wall areas. 
Cells may be in-filled by aragonite or Mg-calcite.  
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After alteration and remineralisation the outlines of the original inter-filament and cell 
wall borders can still be identified but the original crystal fabrics are not retained (Fig. 5-
31). Dolomite in-fills cells but it cannot be determined if this occurred as part of the 
alteration process or was pre-existing. 
 
 
Figure 5-31: Bacteria penetrate first through the boundary between the cell walls and 
filaments. These borders remain visible after re-mineralisation of the Mg-calcite. 
Dolomite nano-rhomb lining appears unaltered. A.SEM-BSE 300 microns up from base. 
B. SEM-SE of A. 
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In contrast to the destruction wrought by the bacterial bioerosion on the Mg-calcite, the 
dolomite lining is untouched by the bacteria and the original features remain (Fig. 5-32). 
Lumpy lining of dolomite nano-rhombs is still clearly visible and vertical structures 
within the lining are also visible.  
 
 
Figure 5-32: Clumps of nano-rhombs in cell above alteration layers near base. Mg-calcite 
cell wall has been eroded by bioerosion. Dolomite lining intact. Sub-micron gap between 
dolomite lining and remnant cell wall has fragments of Mg-calcite possibly lodged there 
during sample preparation but no remineralisation comparable to the cell wall and inter-
filament areas. 
 
Interestingly, when the re-mineralisation occurs and original features are destroyed, there 
is typically a gap between the dolomite lining and surrounding new Mg-calcite (Fig. 5-
32, 33 A, B). However, there are a few examples of where there is both dolomite lining 
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and dolomite in-fill that do not show this gap. In this case, there is a remnant cell-wall 
structure that has not been bio-eroded (Fig. 5-33 C). The otherwise persistent presence of 
this gap suggests there is a condition inhibiting Mg-calcite precipitation immediately 
adjacent to the dolomite lining. 
 
 
Figure 5-33: A. Altered region ~100 microns above base edge. B. Alteration process 
creates gap between dolomite lined cell and re-precipitated Mg-calcite. C. Cell wall and 
inter-filament crystal characteristics are destroyed by the bacterial alteration.  
 
As the bacteria bore through the inter-filament Mg-calcite, a swiss cheese-like texture is 
created (Fig. 5-34). Examining samples that have been fractured and not polished flat 
allows the surface relief created by this process to be imaged. The dolomite lining creates 
a cast of the cell interior that is left in relief to the surrounding substrate (Fig. 5-34 B). 
Although porosity is created by bacterial erosion, the altered zone eventually has reduced 
porosity relative to the pristine crust because cell spaces and other voids are in-filled with 
aragonite or Mg-calcite.  
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Figure 5-34: Unpolished samples showing relief created by bacterial boring into Mg-
calcite. A. Swiss-cheese texture destroys crust surrounding dolomite-lined cell leaving 
dolomite lining cell-casts intact. B. As the Mg-calcite is removed the dolomite cell-cast 
sits in relief above surrounding surfaces. The interior of this cell has in-filled with 
Mg-calcite. 
 
The examples presented thus far have been for CCA collected from the Great Barrier 
Reef. However, these crystal features and bacterial alteration processes are not unique to 
P. onkodes from the GBR. A P. onkodes crust collected from the inter-tidal zone of a 
small fringing reef at Tawali (a holiday resort) in Papua New Guinea exhibits comparable 
bacterial erosion features (Sample supplied by B. Russell, U. Adelaide) (Fig. 5-35). 
Bacterial erosion traces are clearly visible and the exposed dolomite cell-casts appear 
polished of Mg-calcite (Fig. 5-35 A, B, E, F). But, in contrast to the Heron Is. P. onkodes, 
the bacterial erosion results in the entire basal crust being transformed to aragonite (Fig. 
5-35 B-D). The remnant dolomite cells appear to be physically crushed as the 
encroaching aragonite compresses the proximal skeleton (Fig. 5-35 B, C). 
 163 
 
Figure 5-35: Overview of bacterial process in P. onkodes Tawali, Papua New Guinea A. 
Close up of bacterial bioerosion tracks B leaving dolomite lining appearing polished. B. 
Overview of location for A. C. The transition between the intact P-D crust and the CCA 
transformed to aragonite underneath shows a 'break up' zone where fragments of 
dolomite cell casts are visible beneath the intact crust. D. Overview of sample. E. Boring 
traces in Mg-calcite (arrows). Dolomite cell casts appear polished after removal of Mg-
calcite. F. E imaged by secondary electron. 
It appears that the aragonite cement expands into the bacterially altered crust, physically 
crushing the intact crust remnants, including the dolomite cell-casts (also observed in 
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Ch8, Fig. 8-12C). This is yet another destructive process active on the reef. However, 
because the aragonite band is effectively replacing the CCA crust, the overall crust 
formation is retained. Thus is seems that the bacterial process, whilst initially destructive, 
results in a constructive transformation of the pristine crust. 
 
Finally, it is interesting to observe the alteration process at the CCA base immediately 
above the settlement on the coral substrate (Fig. 5-36). The dolomite cell-casts have been 
released from the surrounding cell wall matrix by a combination of bacterial bioerosion 
and dissolution by seawater of the Mg-calcite (discussed further in Chapter 7 Heron 
survey). The dolomite cell casts appear to drop out intact. There is not yet an aragonite 
zone and it is not known if one would have formed  
 
 
Figure 5-36: Exposed base (A) of CCA on coral substrate (B). Sample collected from the 
windward algal rim opposite Heron Is. Research station. 
 
but no aragonite zones comparable to the aragonite in the PNG P. onkodes were observed 
in any of the Heron Is. CCA. However, comparable aragonite zones were present in 
Lizard Is. P. onkodes used in a CO2 enrichment experiment (Chapter 8). In considering 
why there is no aragonite zone as seen for the PNG sample, the underlying coral substrate 
is porous and this would allow seawater to flush out the calcium mobilised by the 
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bacteria. It may be a necessary requisite that there is a semi-closed system for re-
precipitation to occur.  
 
5.8.1 Summary of alteration zone features 
The alteration zone at the base of the CCA houses a factory of complex carbonate 
alteration processes. Bacteria actively remove calcium from the Mg-calcite substrate 
resulting in destruction of original mineral fabrics and re-precipitation of the mobilised 
calcium as either Mg-calcite or aragonite. The bacteria do not remove calcium from the 
dolomite cell lining. This is in agreement with experiments on limestone showing the 
bacteria Mastigocoleus will remove calcium from calcite but not dolomite rock (Ramirez-
Reinat and Garcia-Pichel, 2012) and that mobilized calcium can re-precipitate as 
aragonite on the surface. Why the bacteria avoid the dolomite has not been determined in 
either the Ramirez-Reinat and Garcia-Pichel (2012) experiments or the work presented 
here. The bacterial erosion while initially destructive, results in a constructive process 
whereby the pristine CCA crust is transformed to a less porous crust that retains the net 
crust formation of the CCA. 
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5.9 Hypothallus dolomite  
H-D type 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-37: Location of hypothallus, H-D type crust. 
 167 
When a CCA grows across new substrate, the first cells are elongated and parallel to the 
settlement substrate. These are the hypothallial cells. Several layers of hypothallial cells 
are laid down and then growth direction re-orientates vertically with a change to typical 
perithallial Mg-calcite cells within a few hundred microns of the base. In the CCA 
samples from the reef, these basal hypothallial cells are rarely preserved because 
bioerosion typically commences at the border with the coral substrate and these first 
settlement layers are destroyed. However, one of the thinner CCA crusts 2 mm 
(younger?) collected still attached to a coral branch retained the hypothallus allowing an 
examination of the first settlement cells. These had dolomite cell walls instead of Mg-
calcite and there was a pillar structure of the dolomite crystals but only minimal banding 
when compared to the Mg-calcite cell walls. Inter-filament Mg-calcite was minimal. The 
hypothallus growth forms a band ~200-400 microns thick over the coral substrate (Fig. 5-
38). At this scale using back scatter electron imaging it can be seen that the hypothallus is 
enriched in magnesium relative to the overlying perithallus.  
  
 
Figure 5-38: Overview of crust with hypothallus layers intact on top of coral substrate. 
White boxes enlarged in Figures 5-39, 40, 41, 42. BSE shows the hypothallus is enriched 
in magnesium relative to the overlying perithallus. This was confirmed by individual 
EDS measurements. 
 
There are three typical types of hypothallial formations. Firstly, hypothallial cells with 
dolomite substituting for Mg-calcite in the cell wall (Panel A of Fig. 5-38 shown in Figs. 
5-39 A and 5-40). There is minimal or no inter-filament Mg-calcite. Cell fusions are 
present and there is no cell infill or lining by dolomite or any other mineral. The second 
formation appears to be a transition from the dolomite only cells to the typical Mg-calcite 
cell wall structure (Panel B of Fig. 5-38 shown in Figs. 5-39 B, 5-41 and 42). The cell 
walls at the base are still dolomite but there is development of inter-filament Mg-calcite. 
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Cells at the top of this zone show a transition to typical dolomite – Mg-calcite perithallial 
cells with Mg-calcite cell walls, dolomite lining and thick inter-filament Mg-calcite. The 
third formation shows alteration of the perithallial cells (Panel C of Fig. 5-38 shown in 
Figs 5-39 C, and 5-43 to 47). However, there is no evidence of the bacterial processes 
documented in the previous section. More likely bioerosion activities immediately  
 
Figure 5-39: Three typical cell formations observed in the hypothallus. A. Perithallial 
cells with dolomite cell walls and minimal or absent inter-filament calcification, white 
box enlarged Fig. 5-40. B. Transition from dolomite hypothallial cells to typical 
perithallial cells. White box enlarged in Fig. 5-41. C. Alteration of perithallial cells. 
White box enlarged in Fig. 5-43. 
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beneath on the coral substrate have enabled seawater to penetrate and resulted in 
diagenesis of unstable mineral phases and in-fill of cells. Each of these formation types 
will now be considered in detail.  
 
Individual EDS spectra analyses of the cell walls for the hypothallus without inter-
filament Mg-calcite return dolomite compositions in the range of 39.7 to 50.7 mol% 
MgCO3 (Fig. 5-40 A). Here the hypothallial cell walls are entirely dolomite. The radial 
and banding features observed for cell wall Mg-calcite may be visible in the dolomite cell 
wall (Fig. 5-40 B) but the cell wall is thinner, the bands are fewer and the features are not 
as clear or consistently visible as Mg-calcite cell walls. Similar to the Mg-calcite cell 
wall, the dolomite cell wall crystals appear to be made of stacked shorter crystals. There 
are a few inter-filament crystals present and presumably these are Mg-calcite but the 
dense inter-filament infill seen in the perithallus is absent.  
 
 
Figure 5-40: Dolomite hypothallial cell walls. A. Individual EDS spectra show that cell 
wall composition is in the dolomite range from 39.7 to 50.7 mol% MgCO3. B. There is 
minimal inter-filament Mg-calcite between the dolomite cell walls. Cell fusion and 
primary pit connectors are both present. C. Close up of the dolomite cell walls shows 
banding within the cell wall, radial crystal formation perpendicular to the cell wall, 
banding appears due to stacking of shorter crystals, similarly to the Mg-calcite cell walls 
of the perithallus.  
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The switch to dolomite formation for the hypothallus is significant because dolomite has 
never before been documented forming primary structures within CCA or any other 
marine organism [noting echinoderms may have magnesium enrichment approaching 
dolomite in parts of their teeth (Ma and Qi, 2010)]. The cell lining in the perithallus and 
dolomite conceptacle infill (next section) are secondary mineralisation processes that are 
probably biologically induced, rather than controlled. Those linings do not form the 
primary skeleton of the CCA, whereas the dolomite hypothallial cell walls are primary 
skeletal material. The transition from dolomite hypothallus to dolomite Mg-calcite 
perithallus (Fig. 5-41) starts with the beginnings of thin ~200 nm Mg-calcite cell wall and 
inter-filament calcification (Fig. 5-41 B). The inter-filament between vertical cell edges 
has developed to a ~1 micron thick band. There is a thin lining, ~100 nm, of dolomite and 
infrequent lumpy formations on the lining.  
 
 
Figure 5-41: Transition from dolomite cell walls to thin Mg-calcite cell walls. A. 
Overview of transition. B. Cell walls of Mg-calcite, thin dolomite lining, thick inter-
filament Mg-calcite between vertical edges. C. Close up of horizontal cell edges. D- 
dolomite, CW- cell wall, IF- inter-filament.  
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The radial alignment of the cell wall Mg-calcite is visible in the thin cell walls and there 
appears to be two bands of Mg-calcite (Fig. 5-41 C). At the top of the hypothallus there is 
a transition to typical perithallus (Fig. 5-42 A). Mg-calcite cell walls thicken (Fig. 5-42 B, 
C) to 600 nm, dolomite lining thickens to 400 nm, inter-filament Mg-calcite is 
consistently present and the overall structure resembles the cells typical for the 
perithallus. The final transition to perithallus occurs abruptly and the layers immediately 
above have thicker cell walls and inter-filament Mg-calcite typical for the perithallus. 
 
 
Figure 5-42: Transition from hypothallus to perithallus. A. Overview. B. Close up of 
transition cells. C. Close up of cell wall with dolomite lining and inter-filament Mg-
calcite. 
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The third hypothallial formation (Panel C in Fig. 5-38) showed alteration of the original 
cellular substrate (Fig. 5-43) and there was Mg-calcite within cells. An array of exquisite 
banding patterns was visible within cells. Dolomite cell walls are retained and the 
composition range is 42.4 to 46.6 mol% MgCO3.  
 
 
Figure 5-43: Hypothallus with alteration. Numbers are for the EDS mol% MgCO3. 
Dolomite cell wall is retained. Inter-filament is Mg-calcite and cells may also be in-filled 
with Mg-calcite. 
 
There is no evidence within or above this area of bacterial alteration as observed for the 
alteration zone of the perithallus. However, the underlying coral substrate is heavily 
bioeroded (discussed in Chapter 6) and it is possible that this proximal bacterial activity 
has either mobilised calcium or enabled seawater to penetrate and drive diagenesis of the 
perithallus in this area.  
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The internal structures in this altered zone appear to have retained their original fabrics. 
The inter-filament Mg-calcite has comparable morphology to that observed elsewhere in 
the crust. The dolomite cell wall is either immediately adjacent to the inter-filament Mg-
calcite or there is a gap of ~200-300 nm (Fig. 5-44). This gap suggests there has been 
alteration of the crust but it cannot be determined from these images whether it is 
dissolution of the Mg-calcite inter-filament or the outer edge of the dolomite cell wall or 
a combination of both. Where a gap has developed, the organic outer wall membrane is 
peeling away from the inter-filament border. The interior of cells may have no infill, 
partial infill by Mg-calcite or be entirely in-filled (Fig. 5-45, 46). 
 
 
Figure 5-44: Alteration in hypothallus. Dolomite cell walls retained, outer cell wall 
membrane peeling away from inter-filament edge.  
 
 
Banding observed in the unaltered hypothallial cells (Fig. 5-40) is preserved in the 
alteration area (Fig. 5-45) suggesting that these dolomite cell walls have not undergone 
complete diagenesis. There may be secondary dolomite infill (Fig. 5-45 A) or this could 
be due to the angle of cutting in the sample preparation.  
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Figure 5-45: Banding visible at micron and nano-scale in dolomite cell wall. A. Cell with 
dolomite cell wall and Mg-calcite infill. B. Banding remains in dolomite cell wall. 
C. Locations of A and B. 
 
Although some dolomite cell walls appear unaltered, there is visual evidence that the 
dolomite cell walls can undergo change. Figure 5-46 shows dolomite cell walls that have 
textures similar to mud cracks indicating a desiccation of the cell wall material.   
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Figure 5-46: Dolomite cell wall in altered base. A. Overview. B. Holes in the middle of 
the Mg-calcite cell are from EDS beam damage. C. Dolomite cell wall has the appearance 
of mud cracks. 
 
The dolomite cell wall is depressed relative to the polished surface. Possibly this drying 
and contraction may have occurred after the sample was collected and dried, and was not 
formed in-situ prior to collection. The texture suggests the cell wall was organic rich and 
the cracks have formed after the organics have dried out or after etching during sample 
preparation. 
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Part of the crust adjacent to the altered hypothallus had a break up area (Fig. 5-47) similar 
to that observed in the PNG sample. What is interesting here is that the dolomite cell wall 
and inter-filament textures are retained despite the cells being broken up and secondary 
precipitation of Mg-calcite surrounding the fragments.  
 
 
Figure 5-47: Section of hypothallus with fragmented cell parts A. Overview. B. Close up. 
Dolomite cell wall and inter-filament fabrics remain intact despite Mg-calcite 
remineralisation in surrounding areas.  
 
5.9.1 Summary of hypothallus features 
While the transition to elongated fast growing cells is well known (e.g. Steneck, 1983), 
this is the first time that it has been documented that this transition includes a switch in 
mineral composition of the cell wall to dolomite. This is the first evidence of primary 
skeletal material being formed by dolomite. That the dolomite is a primary formation and 
not an alteration product is supported by 1/ the absence of remnants or evidence of a pre-
cursor carbonate mineral that could have been altered to dolomite, 2/ the presence of fine 
crystal features that are not observed in altered parts of the crust, and 3/ the consistency 
of dolomite as the cell wall material throughout the hypothallial growth. There is an 
absence of inter-filament Mg-calcite in the between first hypothallial cells. As the 
hypothallus transitions to the perithallus, thin Mg-calcite cell walls develop and inter-
filament Mg-calcite begins to form. The final transition to perithallial dolomite Mg-
calcite cells takes place rather abruptly. Alteration of the perithallus leads to infill by Mg-
calcite in the cell spaces but the inter-filament fabric is retained suggesting an absence of 
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the typical bacterial alteration processes observed in the perithallus. The dolomite cell 
walls remain although with evidence of alteration. 
 
5.10 Wound repair 
W-D type 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-48: Locations of wound repair. This is an example only. Internal repair may 
occur anywhere within the crust and not always visible without a SEM. 
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The hypothallial cell growth within the P. onkodes is comparable to the base hypothallial 
cells discussed in the previous section. Cell walls switch to dolomite, there is a reduction 
in the inter-filament thickness and the return to typical dolomite- Mg-calcite cells is 
abrupt. Consistently present beneath the wound re-growth bands is an unidentified 
Mg-rich mineral with different presentation than the magnesite previously documented 
in-filling cells. Three examples of internal mid-crust repair are presented here (Figs. 5-
49-51). 
 
Figure 5-49: Wound repair in mature crust. A. Dashed bracket suggests region of damage 
that re-growth seeks to cover. It appears that cells adjacent to the wounded area change 
growth to elongated dolomite cells and grow up and over damaged area rather than a 
regeneration of the wounded area. Cells beneath the switch to dolomite cells are empty of 
dolomite infill. B. Width of crust sourced for wound repair.  
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For the internal mid-crust repair, two are polished samples highlighting the changes in 
relative magnesium content and the direction of cell growth (Figs. 5-49, 51), the third is a 
fractured and unpolished sample showing the topography associated with the re-growth 
(Fig. 5-50).  
 
In agreement with the literature (Steneck 1983, 1986) the wounded area does not 
regenerate vertically, instead the long cells (hypothallial cells) covering the wounded area 
have originated from adjacent uninjured crust areas (Fig. 5-49). There is an unidentified 
Mg-mineral in the wounded area. The depth of the bite, presumed here to be at the base 
of the unidentified Mg-mineral infill, is approximately 240 microns beneath the depth of 
the switch to dolomite hypothallial cells (Fig. 5-49) in the adjacent crust. Notably, the 
cells immediately beneath the hypothallial repair cells are devoid of dolomite infill 
whereas the crust beneath is typical for the CCA with dolomite lining. This observation is 
revisited at the end of this section where a working hypothesis for dolomite formation is 
proposed.  
 
The unidentified Mg-mineral was measured by SEM-EDS and was 95-100% Mg relative 
to Ca but it could not be this was a carbonate and indeed the fabric is not comparable to 
the long wavy crystals documented in the previous section that were identified as 
magnesite. Although common in repair areas (Fig. 5-49, 51 and 54), the total amount of 
the bulk sample would be small and thus below the detection level of the powder XRD 
method. The morphology of the infill is dissimilar to the Mg-rich mineral identified as 
brucite in Peysonnelia (Nash et al. 2015). Work is continuing to identify the mineral.  
Since preparation of this thesis, the Mg-rich mineral has been identified by Ulricke 
Troitzsch (ANU) as hydromagnesite. 
 
Comparable repair growth was observed in a P. onkodes from Lizard Is. (Fig. 5-50 A). 
The dolomite cells are first vertical then shift to horizontal presumably to overgrow a 
wounded area out of the image. Minor amounts of inter-filament Mg-calcite surround the 
dolomite cell wall (Fig. 5-50 B).  
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Figure 5-50: Sample fractured and not polished A. Showing internal topography in re-
growth areas. B. Minor Mg-calcite inter-filament crystals surround dolomite cell walls. 
Sample collected Lizard Is. Nov 2009, 9 metres, reef slope. 
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Another example of internal repair growth again shows the unidentified Mg-rich mineral 
present beneath the hypothallial cells (Fig. 5-51) and this is in-filling cells immediately 
beneath. The re-growth band is less than 200 microns wide before reverting to typical 
perithallus growth. 
 
 
Figure 5-51: Repair growth mid-way down crust. Presence of the unidentified magnesium 
mineral below the repair growth is common in the crusts so far examined.  
 
The dolomite cell walls of the hypothallial re-growth (Fig. 5-52) are ~1 micron thicker, 
than the ~ 500 nm observed in the basal hypothallus (Fig. 5-40). Inter-filament Mg-
calcite is present but in narrow widths, ~200-300 nm, and the grains are orientated 
parallel to the cell wall (Fig. 5-52 A, B, C). The dolomite cell walls appear quite dense 
and there is vertical orientation visible in the cell wall (Fig. 5-52 C) but no sign of 
banding, although this may be the imaging setting. The surface of the cell wall dolomite 
has low mounds (Fig. 5-52 A).  
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Figure 5-52: Close up of transition between dolomite cell wall and inter-filament. A. 
Minimal inter-filament between dolomite cell walls. Low relief mounding of the dolomite 
interior. B. Inter-filament grains orientated parallel to cell wall and random vertical 
orientation. This is the same crystal alignment documented for inter-filament Mg-calcite 
in the epithallus and perithallus. C. Close up of cell wall vertical edge. Coarse vertical 
alignment is indicated by the fracturing pattern within the cell wall. There is no evidence 
of Mg-calcite cell walls. D. Position of close-ups in re-growth layer.  
 
Cells two cell layers above the first hypothallial cells have dolomite in-fill (Fig. 5-53). 
This has a coarser texture than the cell walls and there is a difference in the average Mg 
content (Table 5-2). The cell wall has an average of 64.0 mol% MgCO3 (s.d. 3.7 mol% 
CO3, n=7), whereas the infill averages 48.4 mol% MgCO3 (s.d. 2.7 mol% MgCO3, n=7). 
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The dolomite cell walls are fleshy in appearance, suggesting higher organic content than 
the infill. The outer cell wall membrane is clearly visible between the inter-filament and 
dolomite cell wall. As well as having different magnesium content, the dolomite cell wall 
and dolomite in-fill have differing mechanical properties (Chapter 6). 
 
 
Figure 5-53: Dolomite cell wall and infill in re-growth area. Selection of EDS spectra for 
mol% MgCO3 taken in this area. Cell walls have consistent higher Mg content than infill 
(Table 5-2). 
 
 
 Infill 
mol% MgCO3 
Cell wall  
mol% MgCO3 
Average 48.4 64.0 
St. Dev. 2.7 3.7 
N 7 7 
p <0.0001 
Table 5-2: Mol% MgCO3 for dolomite cell wall compared to infill. Cell wall is 
significantly higher. 
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Wound re-growth ~200-400 microns below the living surface offers an opportunity to 
examine recently formed repair cells (Fig. 5-54). It is not clear from this image whether 
there has been damage and/or overgrowth and settlement by another organism (probably 
a vermetid worm forming an aragonite tube on the surface) that the CCA has responded 
to with hypothallial growth.  
 
 
Figure 5-54: A combination of wound repair and new settlement hypothallial growth over 
an aragonite vermetid tube. Box A enlarged in Fig. 5-55, box B enlarged in Fig. 5-56. 
 
The thickness of the wound repair band is ~600 microns (Fig. 5-54), more than 3 times 
thicker than the mid crust re-growth imaged in figure 49. This suggests it is a growth 
response to overgrowth by the vermetid, rather than a wound per se and the hypothallalial 
growth continues until the ‘threat’ is overgrown. There is no solid band of the 
unidentified Mg mineral beneath the repair growth as seen in the previous examples but 
cells 500 microns below the repair initiation are in-filled with the unidentified Mg 
mineral (Fig. 5-54) and there is no dolomite cell lining in this band. 
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The elongated hypothallial cells are of dolomite composition (Fig. 5-55, 56) and there is 
minor inter-filament Mg-calcite present. The transition from the Mg-calcite perithallus to  
 
Figure 5-55: Panel A in Fig. 5-54. A. Transition from Mg-calcite cell wall to dolomite 
repair growth. B. Individual EDS spectra mol% MgCO3. Walls change from thick to thin 
as the Mg content increases. Switch in growth is abrupt and occurs within one cell layer. 
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the dolomite hypothallial growth is abrupt and the change from Mg-calcite to dolomite 
occurs over one cell layer (Fig. 5-55 B). 
 
 
Figure 5-56: Close up of dolomite hypothallial repair growth in Fig. 5-54. A. Overview 
of structure. Cell fusions and pit connectors present. B. Close up of dolomite cell wall 
and inter-filament, no Mg-calcite cell wall visible. C. Area in backscatter electron 
imaging showing magnesium enrichment and individual EDS spectra measurement. 
 
Micron scale morphology of dolomite cell walls in the hypothallial repair growth (Fig. 5-
56) is comparable to those imaged for the basal hypothallus growth. The cell walls are 
thin, less than 1 micron and there is minimal inter-filament Mg-calcite present. However, 
inter-filament Mg-calcite has variable thickness between some cell walls and appears to 
wedge apart the dolomite cell walls by increasing thickness along the length of the long 
cells (Fig. 5-57 A). Organic fibrils are visible entwining between the inter-filament Mg-
calcite grains (Fig. 5-57 B) where the dolomite cell wall has broken off the prepared 
surface.  
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Figure 5-57: Inter-filament Mg-calcite. A. Inter-filament Mg-calcite wedges apart 
dolomite cell walls. B. Inter-filament Mg-calcite grains nest in an organic mesh.  
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5.10.1 Summary of wound repair 
Wound repair is by dolomite hypothallial cells and the mineral composition is 
comparable to the basal hypothallus growth. Cell walls are thin and there is minimal 
inter-filament Mg-calcite. Repair growth initiates up to 400 microns horizontally away 
from the ‘wound’ edge and thickness seems dependent on whether it is repairing a wound 
or growing up and over an obstacle. The change to and from hypothallial growth occurs 
abruptly. Common to all repair growth is the presence of an unidentified Mg mineral 
either forming a band beneath the wounded area or in-filling cells. Dolomite does not 
appear to form in the cells immediately beneath the repair growth initiation.  
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5.11 Conceptacle Infill 
 
Figure 5-58: Conceptacle types. A. Infill by dolomite and magnesite following the 
organic substrates within the conceptacle. Partial re-growth of cells into the conceptacle 
space. B. Lower row shows complete re-growth of conceptacle by cells. 
 
Conceptacles may be in-filled by dolomite (Fig. 5-61, 62, 63, 64), magnesite (Fig. 5-58, 
65), aragonite (Fig. 5-59) or by cell re-growth (Fig. 5-58). Conceptacles can have a 
combination of mineral infill with aragonite, magnesite and partial mineralisation of 
organic remnants (Fig. 5-59 A). When conceptacles are formed the skeleton is dissolved 
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exposing the organic filaments (Fig. 5-59 B). These filaments appear to act as a substrate 
for dolomite nucleation (Fig. 5-60) of nano-rhombs that are comparable to the rhombs 
seen as cell lining. 
 
Figure 5-59: A. Aragonite and dolomite in-filled conceptacle. B. Conceptacle after 
decalcification and prior to formation of reproductive structures. 
 
 
Figure 5-60: Dolomite nano-rhombs encasing inside and outside of remnant organic 
filament in conceptacle (arrow). 
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There are impressive internal structures formed by the coating of organic structures with 
dolomite creating an architectural arch and pillar form (Fig. 5-61A). What appears to be 
an agglomeration of lumps forming the pillars is clumping of 100-200 nm rhombs and 
platelets (Fig. 5-61 B). Many of these have spots of an unidentified material on their 
surface, possibly remnant organic material or perhaps the start of a dolomite rhomb. 
 
 
Figure 5-61: Conceptacle dolomitised by nano-rhombs. A. At low-resolution formation 
looks like lumps of dolomite encasing the remnant organic structures. B. At higher 
resolution, the lumps are revealed to be agglomerations of dolomite nano-rhombs. 
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Figure 5-62: Lumpy dolomite with organic film in conceptacle. White box in C enlarged 
next figure. A. Conceptacle infill by lumpy dolomite. B. Organic film over organics. 
C. Lumps do not have well-formed crystals. White box enlarged in figure 63. 
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While the lumpy dolomite appearance is a common infill not all of the dolomite is well 
crystalised (Fig. 5-62 A, 63). The dolomite may be coated by organic material (Fig. 5-62 
B) but even the poorly crystalised dolomite still appears to form on existing organic 
structures. A cross section of one of the poorly-crystalised dolomite clumps (Fig. 5-63) 
shows no internal structure beneath the surface micron and there is no evidence of nano-
rhombs. 
 
 
Figure 5-63: Close-up of white box in previous figure. A. cross section of lumpy 
dolomite. The surficial micron has a vague pillar structure but there is no internal 
structure visible. B. Surface of the lumps. There is no indication of nano-rhombs.  
 
Cells may regrow within conceptacle spaces after spore release. The cell wall of this re-
growth is dolomite (Fig. 5-58 B). The dolomite forms well-defined crystal faces (Fig. 5-
64) but the angles appear more acute than the rhombs observed in the dolomite lining and 
conceptacle infill. The crystal features were only visible in parts of the cell wall where 
the organic membrane covering the mineral, presumably the cell wall membrane, was 
absent.  
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Figure 5-64: Close-up of dolomite cell wall in re-grown conceptacle. The surface appears 
flat with poorly developed crystal faces. Removal of organic membrane covering 
(probably by the etching treatment Chapter 7) reveals that dolomite crystal faces are well 
developed. 
 
There are many scientific terms to describe the mineral features present within the CCA. 
However, there are examples that can only be described as stunning, and one such 
example is a magnesite formation in a conceptacle (Fig. 5-65 A, B). It appears that the 
conceptacle has been bored post-spore release leaving a smooth surface for uninterrupted 
crystal growth. The space has been filled with a sphere of wavy magnesite flattened 
needles appearing to grow from a central point. Each crystal terminates with an 
individual point at similar height to its nearest neighbour. In profile this spectacular 
formation appears as imagined rays from a glowing sun (Fig. 5-65 C). This was the only 
such formation found in all of the CCA examined over the duration of this study 
indicating it was indeed a special event. Unfortunately, this beautiful growth was 
accidentally destroyed during removal for individual XRD analysis.  
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Figure 5-65: Magnesite in conceptacle. A. Conceptacle has probably been bored by bio-
eroders allowing magnesite needle clump to form. B. BSE showing magnesium 
enrichment in conceptacle. C. Close up of magnesite needles. 
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5.11.1 Summary of conceptacle features 
Cell wall dolomite in the conceptacle re-growth suggests that the organic substrate for 
this re-growth is the same as that for hypothallial growth. Where the spores have not been 
released these act as a substrate for nucleation. Why some conceptacles have aragonite 
and magnesite whereas others have dolomite infill is not clear at this time. However, as 
the dolomite forms on remnant organics it suggests that perhaps some conceptacles are 
completely empty of dolomite-nucleating organic substrate after the spore release and 
this enables other minerals to infill. Dolomite crystal morphology ranges from anhedral 
to rhombs comparable to those in the cell lining suggesting comparable drivers of 
formation. 
 
 
5.12 Calcification types: controlled or induced? 
This SEM characterisation has identified five types of calcification. Each mineral 
assemblage in the crust has distinct mineral combinations and features enabling the 
identification of each crust type by its mineral composition. The calcification types fall 
into those identified as controlled calcification or biologically induced. The difference 
being that the controlled calcification is presumed to be part of the active skeletal forming 
process by the organism, whereas the induced is formed in association with the biological 
activity or on a biological substrate but is not an organism controlled process (de Vrind 
de Jong and de Vrind,1997). 
 
These five types are categorised as follows: 
 
Cell walls- controlled calcification 
• radial Mg-calcite with internal banding 
• dolomite in hypothallial and conceptacle cell re-growth. 
Inter-filament – probably bio-induced calcification. The absence of regular crystal 
alignment suggests this is an induced rather than controlled calcification. 
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• by Mg-calcite grains forming aligned parallel to cell walls, but random in vertical 
orientation. Formed within an organic mesh matrix. 
Cell infill – bio-induced calcification 
• dolomite lining by dolomite nano-rhombs 
• magnesite wavy platelets, less common than dolomite lining 
Conceptacle infill bio-induced 
• aragonite, magnesite and / or dolomite 
Basal alteration – bio-induced 
• Mg-calcite between dolomite cell linings and within cell spaces 
• Aragonite within cell spaces and replacement of bacterially destroyed crust. 
 
One of the most interesting finds from this SEM investigation is that the hypothallial 
cells, both at the base and within the crust for wound re-growth, form dolomite cell walls. 
There is no evidence suggesting this cell wall dolomite is a result of alteration of an Mg-
calcite skeleton. This is the first time that dolomite has ever been found to form a bio-
controlled skeletal structure. Although discrete areas of protodolomite have been detected 
within echinoderm teeth (e.g. Schroeder et al. 1969) the entire tooth is not formed by 
protodolomite. Until now, there were thought to be only three carbonate minerals used by 
marine calcifying algae or other marine organisms to form their skeletons; aragonite, 
calcite and Mg-calcite (e.g. Stanley et al., 2002; Zhuravlev and Wood, 2008). 
Understanding of marine algae skeletal evolution is based on the three-type premise. This 
discovery of primary dolomite skeletal formation will require reconsideration of marine 
algal skeletal evolution. This necessity for reconsideration is supported by the fact that 
many of the earliest fossils of red algae or calcified metaphytes controversially proposed 
(e.g. Butterfield, 2000; Xiao et al., 2004; Grant et al., 1991) to have features comparable 
to coralline algae, have been found in dolomite strata. However, because dolomite was 
not known to form as a controlled bio-mineral, its proximity has never been considered as 
potential evidence for mineralisation. Instead, dolomite has always been ignored as 
potential evidence for primary skeletal mineralisation. Future work should investigate 
whether this primary dolomite features in other species for hypothallial growth and 
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whether there are species or environments that could host hypothallial-type growth for 
the bulk of the coralline skeleton.  
 
5.13 Hypothesis for dolomite formation 
A working hypothesis is proposed for the formation of the CCA dolomite as follows:  
Relevant observations 
1/ The cell walls of the repair hypothallial cells are dolomite.  
2/ The cells immediately below this repair growth initiation are devoid of dolomite lining.  
3/ Cells beneath the devoid-dolomite cells have dolomite lining.  
4/ Dolomite does not form in the top ~200-300 microns of the crust but is consistently 
present below this. 
 
From the literature,  
1/ Only the top ~100 microns of cells are photosynthetically active (Steneck 1983).  
2/ It has been proposed that the cell fusions and pit connectors are to allow transport of 
metabolic products (Steneck, 1983). 
3/ Polysaccharide agar extracts from non-calcifying red algae (calcifying were not 
trialed) can nucleate dolomite at sea surface temperature and pressure in a beaker of 
seawater mix (Zhang et al., 2012).  
4/ Hypothallial growth is driven by energy stored as photosynthates in photosynthesising 
surficial cells (Steneck, 1983). 
 
Key assumption- that the excess energy stored in the cells as the polysaccharide agar is 
the necessary organic substrate for dolomite nucleation. 
 
Hypothesis 
When the CCA is wounded, the nearby surficial photosynthetically active cells are drawn 
upon to provide energy for rapid hypothallial repair growth. The source of that energy 
includes the polysaccharide, probably agar, that has accumulated in these 
photosynthetically active cells. Where this agar is not required for rapid growth, it 
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remains in the cell and becomes the substrate for the dolomite lining. The hypothallial 
cell walls are dolomite because the hypothallial organic substrate is agar. The exact 
mechanism by which the dolomite nucleation is initiated by the agar can only be 
speculated about but may follow the mechanism proposed by Zhang et al., (2012) 
whereby the polysaccharide lowers the energy barrier to the dissolvation of the Mg2+ - 
water complexes thus enabling the incorporation of Mg into the calcium carbonate. 
 
How might polysaccharides accumulate in the P. onkodes cell? 
A build up of polysaccharides occurs when photosynthetic rates are relatively higher than 
nutrient availability for cell growth, particularly when algae are nitrogen limited 
(reviewed in Juneja et al., 2013). This imbalance is exploited in green algae for the 
production of algal bio-fuel. In the red alga Gelidium coulteri nitrogen starvation resulted 
in elevated agar and starch whereas nitrogen enrichment inhibited carbon flow into agar 
and starch (Macler, 1986). Accumulation of polysaccharides such as agar and 
carrageenan has been found for other red algae under nitrogen deficiency and increased 
irradiance (e.g. Neish et al., 1977; Chopin et al., 1985; Fournet et al., 2010). Generally 
coral reefs form in low nutrient environments as elevated nutrients can lead to increased 
competition from fleshy algae, micro algae and bioerosion resulting in reef demise 
(reviewed in Hallock and Schlager, 1986). The low nutrient levels together with high 
levels of irradiance in the tropics may be just the environment needed for polysaccharide 
and associated dolomite build-up in P. onkodes in shallow reef environments.  
 
5.14 Calcification model 
In addition to the imaging presented above for the cell walls, images were collected from 
P. onkodes found in the reef flat at Heron Island (Chapter 7). These were not included in 
this characterisation chapter for Mg-calcite perithallus as there are substantial differences 
to the fore reef P. onkodes (shown and discussed at length in chapter 7). One main 
difference was the greater amount of boring activity within the reef flat CCA. This 
activity resulted in natural etching of the surface and exposed cell wall features that were 
not seen in the fore reef CCA. These features are useful for understanding calcification 
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processes. Here it is presumed that the exposed reef flat features would also be found in 
the fore reef CCA if similar natural etching had occurred. This presumption is supported 
by the visual similarity of the radial Mg-calcite cell wall features in the reef flat CCA 
(examples in chapter 7). Images of exposed features are presented below, and these 
together with images for the fore reef CCA are used to develop a model of calcification 
within the CCA for both typical perithallial and hypothallial growth. Within the area of 
internal alteration, natural etching had removed most the cell wall Mg-calcite and the 
remnant structures appear to be multiple bands of organic cell wall lining suggesting that 
the banding seen within the cell walls may be associated with formation of multiple 
laminar cell wall membranes (Fig. 5-66).  
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Figure 5-66: Banding within cell wall exposed after localised remineralisation. A. 
Banding visible within cell space. B. Most Mg-calcite has been removed after exposure. 
C. BSE overview. D. Overview showing both A and B in secondary electron imaging. 
Exposed radial cell wall Mg-calcite was found adjacent to a boring trace in an otherwise 
unaltered part of the Mg-calcite crust. The Mg-calcite crystals appeared to have been 
partially removed probably by exposure to ambient seawater and the organic membrane 
is visible (Figs. 5-67 and 68). The banding of the membrane is not as clear as in figure 5-
66, but it does appear to be more banded than randomly present. The Mg-calcite crystals 
appear supported by the membrane and the radial feature can be seen to be due to the 
termination of the Mg-calcite crystal with each organic band. There are a variety of Mg-
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calcite crystal morphologies observable here. Some of the Mg-calcite crystals have a 
blunt arrowhead shape (Fig. 5-67 A). Two crystals join to form one tip over a membrane 
(Fig. 5-67 B), similar in appearance to a cloths peg on a line. Possibly the Mg-calcite 
between the organic filaments is more prone to dissolution than the part attached to the 
membrane (Fig. 5-67 B) with a line of Mg-calcite crystals appearing suspended by the 
organic rope without Mg-calcite crystals extending beneath.  
 
The bands of organic membrane within the cell wall are not a solid layer but made of a 
fine mesh-like structure (Fig. 5-68). Probably this mesh structure allows movement of 
calcifying fluid within the cell wall.  
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Figure 5-67: Natural etching has exposed details of radial Mg-calcite structure. A. 
Organic filaments entwined between and within Mg-calcite crystals. B. Crystal 
terminations are controlled by internal organic laminar bands. 
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Figure 5-68: Overview of etched cells with organic mesh exposed. A and B are same cell 
with differing imaging settings. 
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This is the first such high resolution imaging of CCA cell wall Mg-calcite. It is not 
known if this is common to other CCA, but presumably it would be, considering that at 
lower resolution the cell wall features are comparable with the radial crystal morphology 
observed in temperate CCA (Adey et al., 2013). This structure of multiple parallel 
membranes within the cell wall is similar to land plants (Campbell et al., 1999). 
However, land plants have cellulose micro fibrils entwining within the cell wall space, 
which gives the plant its woody structure. Chitin has been detected in cold-water CCA 
(Rahman and Halfar, 2014) and chitin micro fibrils act as a substrate for calcium 
carbonate biomineralisation (Erhlich, 2010). From the images presented here, it appears 
that the parallel organic bands inhibit calcification, Support for this proposal comes from 
the observations that there are a range of organic substances in non-calcifying marine 
algae that could be responsible for inhibiting calcification (reviewed in Borowitszka 
1984). It is quite possible that this banding organic is an inhibiting matrix.  In contras, the 
filaments, which are generally vertically orientated between the bands, appear to act as a 
nucleation substrate. This explains both the radial calcification and banding observed. 
Following from this observation, it is proposed that the filaments are chitin, or another 
similar polysaccharide that acts as a substrate for calcification, whereas the parallel bands 
are a different organic material, possibly cellulose, that does not promote calcification. 
 
In other calcifying organism banding in density and/ or magnesium and trace metal 
elements is generally related to seasonal changes and used as climate proxies e.g. corals 
(Barnes and Lough 1993), foraminifera (Bentov and Erez 2005) and bivalves 
(Wanamaker et al. 2008) subarctic CCA (Hetzinger et al. 2011).  The banding observed 
in the P. onkodes are found within cellular features, not across growth layers as in the 
referenced studies, (noting that there are crust-scale bands of changes in dolomite 
abundance) within the P. onkodes.  This makes a seasonal driver of the cellular-scale 
changes unlikely, particularly when considering the obvious structural association the 
bands have with the organic linings in the cell walls (Figures 5-66, 67, 68).  There 
appears to be a structural control on the banding in the dolomite lining also (Figures 5-43, 
5-44). The darker bands shown in BSE (Fig. 5-19) suggest higher amounts of Mg in these 
bands. Using NanoSIMS banding of Mg (changes of a few mol% MgCO3) has recently 
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been shown within the Mg-calcite cell wall for coralline alga Lithothamnion glaciale 
(Ragazzola et al. 2016).  Possibly there is banding of Mg similarly within the cell walls of 
the P. onkodes.  It was beyond the analytical capabilities of the equipment available 
during this study to detect changes of only a few mol% across a micron band.  However 
considering the banding of organics observed here, and the banding of Mg measured by 
Ragazzola et al. (2016), this suggests the change in Mg could be controlled by 
distribution of organics within the cell wall.  
 
A model is proposed for cell wall calcification and dolomite formation (Fig. 5-69, 70). 
The cell wall is comprised of multiple laminar layers of organic membranes parallel to 
the cell wall (Fig. 5-69 A). Within this are organic micro fibrils, possibly chitin, that are 
stretched between the layers and generally orientated perpendicular to the membrane 
(Fig. 5-69 B). The Mg-calcite crystal may form on, or possibly within these micro fibrils. 
The perpendicular orientation of the micro fibrils guides the crystal orientation, hence 
resulting in the observed radial crystal morphology.   
 
When growth proceeds typically for the perithallus, that is, Mg-calcite cell walls and no 
hypothallial growth, surplus polysaccharides build up in the photosynthetically active 
cells. This build up occurs when growth is nitrogen limited and there is plentiful sunlight. 
The polysaccharide build up, acts as a nucleation substrate for dolomite (Fig. 5-69 D), 
thence becoming the dolomite cell lining abundantly present throughout the fore reef P. 
onkodes. When the crust has been bitten or overgrown, the surplus polysaccharides from 
the photosynthetically active cells are mobilised to enable rapid hypothallial cell growth. 
This results in the hypothallial cell walls being calcified by dolomite instead of Mg-
calcite (Fig. 5-69 C). There is also evidence for this mobilisation by the absence of 
dolomite in cells beneath and proximal to the hypothallial growth initiation. Associated 
with hypothallial growth is an unidentified Mg-mineral that appears to infill the wounded 
area or fills in cells beneath the switch to hypothallial when there is an epilithic 
overgrowth, not a wound (Fig. 5-70).  
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Figure: 5-69: Model of cell wall and dolomite calcification. A. Photosynthetically active 
cell layer. Radial orientation of Mg-calcite cell wall crystals. Inter-filament Mg-calcite is 
randomly orientated. Polysaccharides build up in cell. Red box enlarged in B. B. Organic 
micro fibrils run perpendicular to cell wall membranes and act as nucleation substrate for 
Mg-calcite. C. Hypothallial growth draws upon stored polysaccharides and forms cell 
walls of dolomite instead of Mg-calcite. D. Polysaccharides act as nucleation substrate 
for dolomite when they have not been drawn upon for hypothallial growth.  
Probably there is both chemical and morphological control on the Mg-calcite formation 
within the CCA as has been proposed for biomineralisation in general (Sommerdijk and 
Nudulman 2012). Chemical control regulates physicochemical factors such as solubility, 
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Figure 5-70: Ideal cross section of CCA. Flat epithallus cells at the surface (E-M). The 
shallow perithallus has only Mg-calcite cell walls (P-M). Beneath the P-M cells are lined 
with dolomite (P-D). Wounded area is infilled with an unidentified Mg-mineral and 
overgrowth by dolomite hypothallial cells. Cells immediately beneath the switch to 
hypothallial growth are empty of dolomite. Where an epilithic growth has formed on the 
surface, the CCA responds with rapid dolomite hypothallial growth over the intruder. 
Details not to scale. 
supersaturation, nucleation and crystal growth by controlling the ionic composition of the 
medium using specialized macromolecules such as polysaccharides and glycoproteins 
that promote or inhibit nucleation, growth and phase transformation.  The morphological 
control shapes the mineral by precipitating the mineral within an enclosed space, in effect 
a mold for the crystal shape. The recurring regular but rounded shape of the Mg-calcite 
radial grains supports the model of a crystal mold.  As for the interfilament grains, these 
are randomly orientated within the interfilament. This absence of regulation leans the 
formation toward a biological induced process.  The composition of gels can affect the 
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crystal morphology (reviewed in Sommerdijk and Nudelman, 2012). The observation that 
while randomly orientated, the interfilament grains are of roughly consistent shape and 
size suggests the gel may provide some guidance on shape. 
 
5.15 Summary of crust characterisation 
The objectives for this chapter were achieved and calcification within the P. onkodes has 
been described, both with SEM imaging and modelling. This detailed characterisation of 
the minerals building the crust of P. onkodes shows there are features consistent with 
those already documented for other CCA species as well as features not previously seen. 
Specifically, the radial orientation of the cell wall Mg-calcite crystals and the alignment 
of the inter-filament crystals parallel to the cell wall have already been noted for cold-
water crustose species (Adey et al., 2014). These features in P. onkodes are in agreement 
with the model proposed by Adey et al., (2014) but with the addition of the banding. This 
banding within the cell wall radial crystals has not previously been seen. This could 
either be because it is not present in the colder-water species or may be due to the 
resolution of the SEM imaging being. 
 
Dolomite cell lining is typically present as nano-rhombs which may show banding in 
cross section. This nano-rhomb morphology appears the default crystal shape for the 
CCA dolomite, being present not only in cell lining but also in conceptacle cell walls and 
coating organic structures within conceptacles. This type of dolomite is considered a 
secondary mineralisation process and bio-induced, i.e. a result of biological activity but 
not controlled by the organism. Hypothallial growth is shown to have dolomite cell walls 
and this is the first time that dolomite has been documented to form as primary 
calcification, and arguably controlled calcification.  
 
The key findings of this chapter are considered to be the identification of banding within 
the Mg-calcite cell wall and associated organic structures, and the hypothallial primary 
cell walls formed by dolomite. 
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6 Mechanical properties of CCA 
This chapter addresses Aim 4 – Describe the mechanical properties of reef-building CCA 
P. onkodes, by pursuing the following objectives: 
1. Using the nanoindentation methods established in chapter 4, determine the 
hardness and elastic modulus for the different crust components described in 
chapter 5. 
2. Using the nanoindentation methods established in chapter 4, determine the 
fracture toughness for the different crust components described in chapter 5 
3. Develop a model for the cementation mechanism of reef-building CCA 
4. Consider how the identified mechanical properties contribute to the overall 
strength of reef-building CCA 
 
Further to these specific objectives, three typical CCA from Heron Island reef front are 
analysed for hardness, modulus and fracture toughness. Firstly one sample is 
characterised with high-density sampling coverage to establish a baseline dataset. Then 
the other two samples are compared to this baseline. Coral encrusted by CCA is also 
analysed and found to be significantly different from fresh coral. Crack deflection due to 
the heterogeneous mineral composition inhibits the formation of long fractures. Dolomite 
cell lining emerges as a key property enabling initial fracture resistance by preventing 
skeletal collapse into cell spaces. Bacterial alteration of the crust leads to remineralised 
crust that generally retains fracture resistance, albeit by different methods of crack 
deflection. The fracture toughness values for the CCA are found to be equivalent to those 
for quartz and corundum.  A model for reef cementation is proposed and the implications 
for potential increased substrate strength associated with remineralisation are considered.  
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6.1 Introduction 
To date, understanding of the mechanical properties of CCA has mainly been from one 
source; the experience of researchers endeavouring to detach CCA from the reef. From 
this we know that CCA require more physical effort to break off the reef than corals 
(anecdotal and personal experience in field collecting). It is probably for this reason that 
CCA are referred to as hard although there have been no measurements of their 
mechanical properties compared to corals. The mechanical property experienced by the 
researcher as resistance to breaking, is one of ultimate strength; that is, the crust’s 
capacity to resist brittle failure under load. This ultimate strength is a result of the internal 
material properties of the crust as well as the overall thickness. The ‘hard’ crust is 
presumed to be due to the presence of Mg-calcite in the cell walls (Adey and 
Macintyre,1973; Littler, 1976; Steneck, 1986) but there has been no research to 
determine exactly how the Mg-calcite cell walls make the crust more difficult to break 
and whether the CCA are in fact harder than corals, according to the mechanical 
properties definition of hardness. It is well known that CCA play an important role in 
binding and cementing the reef (Wulff, 1983; Bjork et al., 1995; Rasser and Riegl, 2002; 
reviewed in Hofman and Bischof, 2014) but there have been no studies to understand the 
mechanism(s) by which P. onkodes carry out these reef-building processes. Furthermore, 
as the previous chapters show, P. onkodes has a complex array of mineral compositions 
and distribution throughout its crust and the contribution of these extra minerals to the 
reef-building process has also not been considered.  
 
6.2 Mechanical properties of reef building organisms  
There has been only one study considering the mechanical properties of encrusting CCA 
(Smyth, 1989). Smyth compared the amount of boring into limpet shells encrusted by 
CCA compared to those without encrustation and concluded the CCA offered resistance 
to borers. In her study Smyth also noted the extremely low levels of boring (presumably 
compared to other carbonate substrates) in the algal ridge of living CCA and that boring 
only occurred where the crust was broken. The only other study on mechanical properties 
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of coralline algae is the recent work by Denny et al. (2013) on an articulated coralline 
testing the wear resistance of the articulated joint. No tests were done on the mechanical 
properties of the rigid skeleton. CCA form part of the substrate to which corals attach and 
this substrate strength has been measured in consideration of what properties control the 
break up of corals under high hydrodynamic energy (Madin, 2005). Madin determined 
that the dislodgement of corals was dependent on the strength of the substrate to which 
they were attached and not the strength of the coral skeleton per se.  
 
Strength of coral skeleton (as determined by stress at failure using compressive fracture 
testing) ranged from 12-81 mega newtons/m2, and was less than mollusc and echinoid 
skeletons but higher than cement (Chamberlain, 1978). Porosity had a strong negative 
correlation with strength and minor amounts of micro-boring could reduce strength by 
50%. Schuhmacher and Plewka (1981) also studied mechanical properties of reef 
building coral and a crust-forming sponge (collected from 30 metres depth) and found 
that the sponge had superior mechanical properties to the coral. However, Schuhmacher 
and Plewka proposed the coral compensated for breakage with rapid growth. They tested 
for compressive strength, elastic modulus, abrasive wear and total porosity using macro-
scale techniques. Within the corals, compressive strength and modulus decreased with 
increased skeletal porosity in agreement with Chamberlain (1978). Schuhmacher and 
Plewka (1981) concluded that for calcifying organisms, becoming more compact and 
encrusting with increasing wave energy was an adaptive trend to resist hydrodynamic 
forces. A study comparing tensile and compressive strength of corals on a Hawaiian reef 
flat found these positively correlated with the wave energy present in their environments 
(Rodgers et al., 2003). 
 
6.3 Methods 
The indentation methods developed in Chapter 4 are applied here. The Berkovich tip was 
used for hardness and elastic modulus measurements with a load of 50 mN. Fracture 
toughness testing used the Berkovich tip with loads ranging from 600 mN to 10 N.  
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A 1 mm spherical tip was used to obtain maximum displacement at 10 N. The analytical 
process was to thoroughly characterise one typical crust and use this as a comparative 
standard. Three P. onkodes crusts typical of the mineral composition and crust thickness 
for the reef slope were used for this characterisation. The samples HF12, HF13 and HF14 
were all collected from 6-7 metres depths on the reef slope of Heron Is. (map of sample 
locations in chapter 7). By XRD all have Mg-calcite and dolomite present (Table 6-1). 
HF14 has the least dolomite and examination using SEM showed only thin dolomite cell 
linings (0.5 microns compared to 0.5 to 2 microns in HF12 and HF13). HF14 was also 
the thinnest of the crusts at ~1 mm (Table 6-1). Unless otherwise noted in the figure 
legends, the notations use are standard throughout; D – dolomite, Mg-C  - Mg-calcite, 
Mg – Magnesite, A – aragonite. 
 
 
Sample HF12 HF13 HF14 
Collection depth 
metres 
6.7 6.8 6.6 
Mol% MgCO3 18.2 16.7 17.1 
Asymmetry mol% 20.2 23.4 18 
Asymm difference 
% 
2 6.6 1 
Aragonite weight % No No 29% 
Magnesite No Yes No 
Crust thickness mm 4 8 1 
Endolith % cover 20 20 0 
Table 6-1: Mineral and crust features of fore-reef slope CCA. Endolith cover refers to the 
% of crust that was discoloured to green, which is indicative of endolith presences. 
 
CCA sample HF13 (Fig. 6-1) was chosen to fully characterise because it had mineral 
composition typical of that for other thick crusts observed from the Heron survey 
(Chapter 7) and previous studies (Nash et al., 2011). On a practical note, it also had the 
thickest crust providing a large testing area. 
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Figure 6-1: Overview of CCA HF13 used for mechanical properties overview. A. Sample 
location on the reef. B. Sample after collection. C. Close-up of sample and piece used for 
SEM. 
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The indentation results are used together with the SEM characterisation and XRD results 
to develop a comprehensive map of the different mechanical properties from the top to 
the base of the crust. Then the samples HF12 and HF14 are tested using transects down 
the crust for fracture testing, and within the crust for 50 mN hardness and elastic 
modulus. The coral substrate attached to HF14 is also tested. Indentation testing of HF13 
covers approximately one-half of the representative crust (Fig. 6-2). Indent grids in 
typical mid crust sites using 50 mN are made to establish the hardness and modulus of the 
Mg-calcite mineral phases. Tests at the crust scale are first done using 10 N indents with 
the 1mm spherical tip to identify regions of the crust with comparable maximum 
displacement, and to see where change occurs from one substrate type to another. 
Fracture tests were initially done using 600 mN loads and redone at higher loads, 1-10 N, 
after discovering the cracks did not always form at low loads. Altered areas within the 
crust are also tested.  
 
 
Figure 6-2: Indentation sites for HF13. SEM-BSE images stitched together. Triangles- 
Berkovich tip. Circles- Spherical tip. P-M perithallus Mg-calcite, P-D perithallus with 
dolomite, A-V alteration with variable mineralogy. 
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There are two top to base fracture indent transects, one at 600 mN and the other at 5 N 
(Fig. 6-2). Extra indents are made using a range of loads from 1-10 N across the mid 
crust in an area visually most typical for the dolomite-Mg-calcite assemblage. The 
transition from the perithallus-dolomite crust to the altered crust has particular attention 
paid to it with extra indents for hardness and modulus across the transitions. Within HF13 
there are several areas of visible alteration where there has been hypothallial wound 
regrowth, damage to the crust subsequently in-filled by aragonite and sites where the cell 
infill is atypical for the crust. These are also fracture indented or tested for hardness and 
modulus depending on the size of the area. For the 50 mN hardness and modulus, broken 
load curves were a continuing problem as noted in chapter 4. Each site of interest was 
indented until 15 usable indent curves were obtained, or until there was no space to keep 
testing the area of interest (base altered layers). Tests for significant difference were 
made by t test or ANOVA. 
 
 
6.4 Results  
6.4.1 Indentation results for CCA HF13 
Results by site are mapped in figure 6-3, summary statistics for hardness and elastic 
modulus in figure 6-4 and all hardness, elastic modulus averages and fracture indentation 
results are in table 6-2. The indentation results and information from SEM imaging (Figs. 
6-5 - 10) are used to prepare a map of fracture resistance distribution across the crust 
(Fig. 6-11). The main finding was that the Mg-calcite crust is not generally resistant to 
fracture whereas the dolomite Mg-calcite crust is resistant. Interestingly, fracture 
resistance was also found in areas associated with boring by the Mastigocoleos bacteria 
and parts of the crust with local alteration and remineralisation. Hardness and elastic 
modulus values increase in areas where the crust has been remineralised.  
 217 
 
Figure 6-3: Map of fracture results and 50 mN hardness and modulus for HF13. 
Labeling- Knc 1.8 is KIc for site n; Cn is compression at site n; AC- Altered zone, 
compression; AKnc 4 – Fracturing in altered zone at site n; PAC1- Alteration patch in 
perithallus with compression at site n; PAK- Alteration with fracturing in perithallus at 
site n; M1-6 – mechanical properties hardness and modulus measured at 50 mN. All H 
and E units GPa, KIc units Mpa m-1/2. M14 is aragonite patch. 
 
6.4.1.1 Hardness and Elastic modulus 
For the surficial Mg-calcite layers obtaining smooth indent curves for the 50 mN 
hardness and modulus was problematic. No continuous load/ unload curves could be 
obtained for the upper 100 microns of the crust, all (n=10) were broken on loading. A 
grid 500 microns below the surface (site M7) returned usable results, however the success 
rate was very low with only 15 of 75 indents being usable (site M7). The Mg-calcite had 
hardness and modulus of 2.7 GPa and 47.4 GPa respectively (Fig. 6-3, 4, Table 6-2). The 
typical perithallus mid crust of Mg-calcite with dolomite lining (site 6, images in Chap. 4, 
Fig. 4-5) had hardness and modulus of 3.4 GPa and 58.9 GPa respectively. The results for 
the perithallus Mg-calcite with dolomite lining were used as the main crust average and 
results for other areas were compared to this average.  
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Figure 6-4: A. Hardness and B. Elastic modulus results for HF13. Mg-calcite is the top 
~500 microns, Dol. Mg-calcite is the perithallus down to ~500 microns above the base. 
The transition zone is ~200 microns wide and altered base, ~300 microns wide. P values 
are in bold beneath red stars indicating significance. Modulus values for M5 and M1 
were close to significantly different. 
 
An indent grid in the dolomite Mg-calcite perithallus crust just above the base altered 
zone (Site M4) had hardness and modulus of 3.4 GPa and 59.3 GPa respectively and was 
 219 
not significantly different from the mid crust site. These results were combined and 
hardness and modulus from other sites were compared to these averages (Fig. 6-4). The 
transition band to the altered based showed a significant increase in both hardness to 3.8 
GPa and 4.0 GPa for the lower (M1) and upper sites (M5). However, only the lower site 
closest to the altered base had a significant increase in modulus, E= 67.9 GPa. The ~100-
300 micron base edge was difficult to indent with most of the indents breaking on load, 
results were 3.6 GPa and 55.5 GPa for hardness and modulus respectively of 4 of 28 
indents (site M3) and 4.3 GPa and 65.4 GPa of 5 of 30 indents (site M2). Considering the 
poor success rate and low numbers, these results are shown but not included in statistical 
analyses. This lowest band of the crust can be friable to the touch and crumbliness 
probably contributed to the low number of successful indents. 
 
Areas of alteration within the crust also showed increases in both hardness (4 of 5 sites 
significantly higher) and elastic modulus (3 of 5 sites significantly higher). In these areas 
the crust had been altered due to local disturbances from; 1/ proximal boring enabling 
seawater to penetrate leading to remineralisation of parts of the crust and cell infill by 
aragonite or Mg-calcite (sites M10, M11), 2/ bioerosion without associated infill or 
remineralisation resulting in increased porosity of the crust (sites M12, M13) and 3/ a 
large hole (>1 mm across) in-filled with aragonite cement (site M14).  
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Crust type Site Load KIC 
MPa m1/2 
H 
GPa 
E 
GPa 
Epithallus and Mg-calcite 
perithallusa 
C1 
(n=3) 
600 mN Compres
sion 
1.0 
(n=1b) 
26.7 
Mg-calcite perithallus 
Fracture testing 
 
 
 
50 mN H and E 
C2 
(n=3) 
5 N Compres
sion 
1.0 
(sd 0.44) 
(n=3) 
27.2 
(sd 
14.9) 
C3 
(n=3) 
600 mN Compres
sion 
n.d. 
(n=0) 
n.d. 
M7 
(15/75c) 
50 mN  2.7 
(sd 0.57) 
47.4 
(sd 8.0) 
Dolomite Perithallus 
Fracture testing 
 
 
 
 
 
 
 
50 mN H and E 
K1 
(n=14) 
1-10 N 1.8 
(sd 0.55, 
n=13) 
1.2 
(sd 0.22) 
37.9 
(sd 2.6) 
K2 
(n=5) 
5 N 1.2 
(sd 0.19, 
n=4) 
1.0 
(sd 0.12) 
21.5 
(sd 0.8) 
K3 
(n=3) 
600 mN 1.4 
(sd 0.32, 
n=3) 
2.1 
(sd 0.65) 
52.7 
(sd 
12.4) 
M6 
(41/100) 
 
50 mN  3.4 
(sd 0.55) 
58.9 
(sd 5.4) 
M4 
(15/25) 
50 mN  3.4 
(sd 0.67) 
59.3 
(sd 
6.37) 
Transition to altered 
base 
Fracture testing 
 
AK1 
(n=1) 
10 N 2.1 0.9 31.7 
AK2 
(n=1) 
5 N 4.0 0.9 20.7 
 221 
Crust type Site Load KIC 
MPa m1/2 
H 
GPa 
E 
GPa 
50 mN H and E M5 
(15/20) 
50 mN  3.8 
(sd 0.53 
61.8 
(sd 4.2) 
M1 
(15/29) 
50 mN  4.0 
(sd 0.89) 
67.6 
sd (8.6) 
Altered base 
Fracture testing 
 
50 mN H & E 
AC 
(n=3) 
5-8.7 N No 
cracks 
0.6 
(sd 0.17) 
23.68 
(sd 
2.42) 
M2 
(5/30) 
50 mN  4.3 
(sd 1.93) 
65.4 
(sd 
10.9) 
M3 
(4/28) 
50 mN  3.6 
(sd 0.68) 
55.5 
(sd 6.9) 
In-filled regrowth PAC1 
(n=1) 
 
5 N compress
ion 
  
Alteration within crust 
Fracture 
Below regrowth 
PAK1 
(n=1) 
 
5 N 1.6 1.1 21.7 
Alteration within 
dolomite perithallus 
Fracture testing 
 
Aragonite infill in cells 
 
Dol-Mg-calcite, with 
boring bioeosion 
Dol-Mg-calcite  with 
some bioerosion and Mg-
 
Kv4 
(n=5) 
 
5 N 
 
2.0 
(sd 0.75) 
 
1.0d 
 
21.5d 
M10 
(15/28) 
  4.6 
(sd 1.12) 
70.7 
 (sd 
11.03) 
M11 
(15/28) 
  4.3 
(sd 0.56) 
66.0 
(sd 8.8) 
M12 
(8/25) 
  3.9 
(sd 0.48) 
61.31 
(4.25) 
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Crust type Site Load KIC 
MPa m1/2 
H 
GPa 
E 
GPa 
calcite cell infill 
Dol-Mg-calcite minor 
bioerosion, cell Mg-
calcite cell infill 
 
Fracture testing 
 
M13 
(13/36) 
 
  3.7 
(0.82) 
62.1 
(7.17) 
Kv5 
(n=3) 
5 N 1.3 
(sd 0.36) 
0.9e 
(n=1) 
20.7e 
Aragonite patch 
 
M14 
(5/5) 
  5.7 
(sd 0.35) 
76.3 
(sd 5.3) 
Table 6-2: Data for H13, averages and standard deviation. athis site was at the top edge 
and incorporated epithallus as well as Mg-calcite perithallus. b n for data are less than 
number of indents at the site when the load/ unload curves have broken on loading. c (n/n) 
is the number of successful indents over the total number of indents made. d load curves 
broke at the top and H and E not reliable, used average H and E from site K2 for KIc 
calculations. e 2 load curves were broken at the top, used H and E from one good curve of 
the three at this site for the KIc calculations. 
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6.4.1.2 SEM of hardness and modulus indents 
The indents into the Mg-calcite had a high rate of broken load curves. This was due to the 
absence of cell infill and frequent cell wall collapse under the 50 mN load (Fig. 6-5). 
 
Figure 6-5: 50 mN indents into Mg-calcite perithallus ~500 microns below the surface 
(site M7). 
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Although there were indents into the dolomite-lined cells that were also only partially on 
solid substrate as in the example in figure 6-5, in contrast to the Mg-calcite crust this did 
not always lead to cell collapse (Fig. 6-6). The dolomite lining appears to provide extra 
support to the structure under stress, perhaps similar to a reinforced retaining wall.  
 
 
Figure 6-6: Examples of indents into dolomite-lined cells at site M6. A-D. The dolomite 
lining appears to provide extra support to the adjacent skeleton even where the indent is 
only partially on solid substrate. (n) are indent numbers shown in overview figure 4-5, 
chapter 4. D – dolomite. 
 
The transition to the basal altered zone is just above the active bacterial bioerosion front 
in the crust. Probably the activity of the bacteria has enabled seawater to penetrate above 
their active bioerosion front and this circulating seawater has resulted in remineralisation. 
Immediately adjacent to the 50 mN indent grid (Fig. 6-7), cells have Mg-calcite infill, 
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supporting this conclusion. Cell wall radial features are absent suggesting there has been 
some alteration within the cell wall and inter-filament areas.  
 
Figure 6-7: Indent grid in area of alteration at site M5. A. Overview. B. Grid. C. Close up 
of indent in white box in B. 
 
There is a large area of flat surface resulting in a high success rate of indents. Probably it 
is the extra mineralisation within the Mg-calcite areas that causes the increase in hardness 
and elastic modulus. In contrast, the area of active bacterial bioerosion has a prevalence 
of micro-pores created by the bacteria (Fig. 6-8). This extensive micro-porosity leads to 
the crust failing under the indent load resulting in defective load curves. Only four of 28 
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indents at this sites had unbroken load curves. Dolomite lining remains intact and there is 
widespread remineralisation within cells but the infill mineralisation post-bacterial 
activity has not yet occurred. The start of this process is visible below the indent grid.  
 
Figure 6-8: Site M3 in area of active bacterial bioerosion, only 4 of 28 indents had 
unbroken load curves. Area below indent grid appears to have less porosity indicating 
remineralisation post-bacterial erosion has taken place. 
 
Areas of alteration typically have cells in-filled by aragonite and less frequently, Mg-
calcite (Fig. 6-9). The local damage may stem from a parrotfish bite or boring by 
endolithic organisms creating tunnels that then enable the circulation of external 
seawater. From observations of many such areas it appears that the result of internal 
damage is for proximal cells to be in-filled by aragonite and this leads to overall crust 
structure being retained. Indents into aragonite cement infilling a large space in the upper 
crust (see Fig. 6-2 site box for M8) returned the highest average hardness and elastic 
modulus, (5.7 GPa and 76.3 GPa respectively) for any of the crust sites. These aragonite 
values approach those reported for coral in Chapter 4 (6.4 GPa and 88.1 GPa 
respectively).  
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Figure 6-9: Internal crust alteration. A. Site 10 overview. B. Site 10 indents. C. Site 11 
overview. 
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Alteration may also occur in reproductive conceptacle bands (Fig. 6-10). After spores 
have been released the conceptacle space either fills with aragonite, dolomite, magnesite 
or by regrown cells (Chapter 5). Areas of crust along these bands can have evidence of 
alteration with proximal cells in-filled by aragonite. Indent grids in these bands had 
values comparable to the typical dolomite Mg-calcite crust except the hardness value of 
the upper site (M12) that was significantly higher. These results suggest that internal 
alteration can have an influence on surrounding mechanical properties. The extent of the 
change may be dependent on the distance from the alteration driver. These particular 
indent grids were within the conceptacle bands but not proximal to patches of aragonite 
infill. 
 
 
Figure 6-10: Indents site in conceptacle band. Patches with aragonite infill. Conceptacles 
have cells regrowth. 
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6.4.1.3 Fracture toughness  
The Mg-calcite perithallus (P-M type) crust is not resistant to fracture and crushes under 
the indent (compression). The dolomite Mg-calcite perithallus (P-D) crust is consistently 
fracture resistant with an average fracture toughness of KIc =1.65 MPa m1/2 (s.d. 0.36 
GPa, Table 6-2) (Fig. 6-11). The fracture-load hardness and elastic modulus were 1.3 
GPa and 36.1 GPa respectively (s.d. 0.45 and 10.8 GPa), with a wide range of values for 
the modulus from 20.7 to 53.7 GPa. Two indents made into the commencement of the 
alteration zone were also highly fracture resistant with KIc = 2.1 and 2.2 MPa m1/2.  
 
 
Figure 6-11: Map of fracture resistance in P. onkodes HF13. Crust types following 
chapter 5 categories.  
 
One of the problems that emerged was that not all fracture load indents had cracks from 
every corner. For example, just 2 of 3 corners had cracks and for one of the base fracture 
indents (AK2c) only one corner had a crack. These particular indents did not behave as 
the Mg-calcite compression indents and the cracks that were present were comparable in 
form to those from fracture indents with all three corners cracking. This is a problem 
because the fracture toughness formula adds the crack lengths and divides by three (the 
number of the Berkovich tip corners) to obtain the average. Cracking from only two 
corners may indicate the material is so tough that cracks do not propagate from every 
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corner or that perhaps there was a micro-defect that has prevented the crack from even 
initiating. Fracture toughness for indents with only two cracks were checked using both 2 
and 3 for averaging. Results were always higher than 1. For this reason the crust is 
classified as either fracture resistant, soft or friable, or no fracturing rather than using a 
scaled numerical description (Fig. 6-11). The inherent variability within the crust means 
that the ultimate fracture property of a particular indent may depend on the proximity of a 
boring tunnel rather than the properties of the material itself. 
 
Another interesting response to fracture load was observed in the base altered crust. 
Fracture indents into the alteration zone did not always generate cracks from their 
corners, as first noted in chapter 4. Interestingly, although the load was set for 10 N, the 
indentation load did not reach this for either of the 10 N indents, stopping at 8.4 to 8.7 N. 
The 10 N indents made mid-crust, as part of the 1-10 N series also did not reach 10 N, 
stopping between 9.5 and 9.7 N. This suggests that a maximum depth had been reached 
probably constrained by the CCA material properties. Other 10 N indents in the surface 
crust had reached depths of 50 microns where the crust broke off, indicating that this 
cessation of indentation was not due to a machine maximum depth being reached. The 10 
N loads using the 1mm spherical tip always loaded to 10 N, indicating the high load 
indents using the Berkovich tip are responding differently than the 1mm tip high load 
indents. It may be that the CCA has been compressed to a maximum density at the sides 
of the sharp indent and no further penetration is possible. Whereas with the flatter 1mm 
tip the pressure is more evenly spread. It is further interesting that this occurred for an 
indent adjacent to the edge where the crust could have broke off under the pressure, as 
observed for coral fracture indent near the edge of internal septa edges. This suggests that 
the framework structure of the CCA helps to retain strength even where there is space to 
respond with brittle failure.  
 
How parts of the CCA resist brittle failure can be understood by examining the way that 
cracks are deflected or their energy absorbed by the natural variations in the crust 
compositions and structure. The next section describes the response of different crust 
types to fracture loading.   
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6.4.1.4 Description of fracture types 
Mg-calcite 
Fracture load indents into the Mg-calcite perithallus did not generate single clean cracks 
from the corners. Cell walls collapsed into the cell spaces (Figs. 6-12, 13) and cell edges 
had a feathered appearance. There were multiple cracks within the indent areas and 
cracking along the indent edges (Fig. 6-12 B, C). The collapse of the cell wall and 
adjacent inter-filament Mg-calcite into the cell space was comparable to the collapse 
observed in many of the 50 mN indents. There may be an element of fracture resistance 
in indents where multiple cracks propagate out from edges and corners (Fig. 6-12 D). 
However, measuring fracture resistance by the method applied here is problematic as the 
equation is based on only one crack emanating from each corner. Several factors combine 
to paint a picture of the Mg-calcite crust lacking resistance to failure. These include the 
collapse of the skeleton into the cell spaces, together with the absence of single crack 
propagation associated with fracture resistant material. Another factor is the larger 
maximum depth measured by the 1mm spherical indents compared to the dolomite-Mg-
calcite crust as shown in the top to base transect in chapter 4 (Fig. 4-14). 
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Figure 6-12: 600 mN fracture indent in Mg-calcite layer. A. Overview. B. Multiple 
cracks within the indent, no cracks propagating from the corners. Cell wall collapses into 
the cell spaces. Black material is organic material rich in magnesium that in some cells 
was observed partially mineralised (unidentified mineral).  
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Figure 6-13: 5 N indents into the Mg-calcite crust 500 microns below the surface. A. 
Overview. B and C close ups. D. Close up in BSE highlights cracking features. 
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Perithallus- Mg-calcite with dolomite cell lining 
The response of the CCA crust with dolomite cell lining is distinctly different from the 
Mg-calcite only crust. Obviously, thick cell lining by dolomite reduces the porosity of the 
crust and in-filling the cell prevents the crust collapsing into what would be an empty cell 
in the Mg-calcite layer (Fig. 6-14 A). Less obvious is the dolomite role in the prevention 
of collapse into cells not completely in-filled (Fig. 6-14 B). Even under a load of 600 mN 
the dolomite lining prevents complete collapse of the crust into the cell space. The 
feathering feature in the Mg-calcite crust is not observed in the dolomite-lined cells. 
Micro cracks between dolomite lining and cell walls absorb crack energy (Fig. 6-14 B).  
Figure 6-14: 600 mN fracture indent upper mid crust. A. Overview. B. Pre-existing micro 
cracks (joins) between cell walls and inter-filament absorb energy.  
 
Energy may be dissipated by pile up at the edge of the indent (Fig. 6-15 A, C), although 
this was not common in the unaltered crust. Where cracks propagate from the corners, the 
path of the crack is fraught with micro-defects and skeletal compositional changes that 
deflect its path. Cracks can travel from the indent corner but stop at a transition from one 
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mineral form to another; for example, the transition from dolomite lining to the cell wall 
(Fig. 6-15 A, B). Cracks also initiated off-centre from the indent corner, appearing to 
follow a pre-existing line of preferred fracturing (Fig. 6-15 B).  
 
 
Figure 6-15: Fracture indent in dolomite Mg-calcite crust. A. Pile up at edge of indent. B. 
Cracks initiate off centre from the indent corner and stop at changes in mineral types. C. 
Close up of pile up in A. 
 
There are many pre-existing cracks in dolomite cell lining, probably occurring when the 
CCA is first collected and the organic substrate dries, similar to mud cracks. The 
dolomite lining cracks typically travel through the pit-connector (Fig. 6-16 A) and do not 
divert around the sides of the pit connector. The crust behaviour under indent is 
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consistent. All the imaged fracture indents in the perithallus-dolomite crust exhibited the 
same crack propagation features of deflection with changes in mineral type and resistance 
to collapse provided by the dolomite lining (Fig. 6-16 B).  
 
 
Figure 6-16: 600 mN indents into dolomite Mg-calcite crust. A. Pre-existing cracks show 
travel preference. White box enlarged in figure 6-17. B. Crack deflection following cell 
outlines.  
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Figure 6-17: Box enlarged from figure 6-16 A. Path of indent crack deflects with each 
change in mineral type. Indent edge lower left corner, tip impression not shown. 
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Crack deflection exhibits disciplined changes in direction as it crosses each type of 
mineral fabric (Fig. 6-17), including making a right angle turn where transitioning from 
inter-filament to cell wall Mg-calcite (Fig. 6-17). The straightest path is through the 
dolomite lining whereas there is a slight bend in the path through the inter-filament area; 
although the path direction is not deflected. Cracks through the cell walls seem to follow 
the crystal radial pattern. These behaviours are retained at high load indents. At 9 N cell 
interior spaces are retained as dolomite lining continues to provide resistance under 
higher loads (Fig. 6-18). There is cracking along the edges but the cracks continue to 
propagate singly from the indent corners following a path through the centre of dolomite-
lined cells. 
 
Figure 6-18: Fracture indent at 9 N. 
 
It is interesting that the cracks travel through the centre of the dolomite-lined cells rather 
than across the flat inter-filament area. This suggests that the dolomite can transfer 
energy more efficiently than the inter-filament areas. This would not be surprising, 
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considering the closely stacked rhomb formation of the dolomite lining compared to the 
loose random orientation of the inter-filament Mg-calcite detailed in the CCA 
characteristics chapter 5.  
 
 
Figure 6-19: Indents into dolomite conceptacle. A. 600 mN fracture indent, dolomite 
infill collapses under load. B. Dolomite piles up and cracks do not extend from both 
corners. C. 30 mN indent into conceptacle dolomite. Fractures are induced even at this 
low load and there is pile up. 
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It is not possible to induce a fracture load that covers only the few microns-wide dolomite 
lining to test the individual dolomite properties. Low load testing of dolomite cell lining 
was unsuccessful. However, conceptacles in-filled by dolomite offer an opportunity to 
test the response of only the dolomite mineral (Fig. 6-19). A fracture load of 600 mN and 
low loads of 30 mN were used. At 600 mN the dolomite collapsed under the load and did 
not offer any resistance to fracture. Surprisingly, fractures were also induced from the 30 
mN indents, where there was pile up and cracking along the indent edges, responses 
usually observed only in the high load indents. These results suggest that the dolomite 
mineral by itself does not provide the fracture resistance observed in the dolomite Mg-
calcite crust. Considering the observation that the cracks travel along the centre of the 
dolomite lining via the pit connector, there seems to be connectivity that transmits the 
energy along the lining thereby sparing the surrounding crust from absorbing all the 
fracture energy. If the mineral itself does not do this, then it must be the combination of 
the mineral and the organic membrane in which it forms.  
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Alteration at the base 
Fracture indents into the areas of alteration at the base did not always generate cracks. 
Energy appears to be absorbed by compression of crust into micro-porosity created by the 
bacterial bioerosion (Fig. 6-20). In contrast to the Mg-calcite crust without crack 
propagation, crust does not collapse into remaining cell spaces.  
 
 
Figure 6-20: 600 mN fracture indent in base altered area. A. Overview with transition 
from active bioerosion band to remineralised crust. B. Micro-porosity absorbs crack 
energy. C. Skeleton has not collapsed into cell space. 
 
Indents set for 10 N did not fully load, stopping between 8 and 9 N. An indent next to the 
edge generated a large crack across the crust, appearing to be from the force of the load 
pushing the crust away rather than fracturing per se (Fig. 6-21). However, the crust did 
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not break off and was not supported here by the crystal bond used to attach the CCA to 
the metal stub. 
 
 
Figure 6-21: 10 N load setting but only loaded to 8.4 N. Crack across the crust appears to 
be from the indent pushing the crust apart towards the edge. 
 
This resistance to breaking off was further investigated using a 600 mN fracture load 
adjacent to an internal edge created by micro-borers in the dolomite Mg-calcite crust. The 
indent was placed at a similar distance from the internal edge as those in the coral that led 
to skeletal collapse at 412.5 mN (Fig. 6-22). Using a load of 600 mN into the CCA, the 
edge was not broken off nor did it appear about to. The area of crust had cell infill in the 
top half of the indent, indicating local alteration in agreement with the proximity to the 
borer tunnel.  
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Figure 6-22: 600 mN indent in CCA edge compared to coral. A. 600 mN indent. Cells in 
top half are in-filled indicating alteration in agreement with proximity to the borer tunnel. 
B. Indent grid in coral. C. Cracking along edge of CCA indent with mineral feathering 
into cell. 
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Perithallus - Altered crust  
Immediately beneath the Mg-calcite crust imaged in figures 6-11 and 6-12, there is an 
alteration band probably associated with internal regrowth (Fig. 6-23, and overview Fig. 
6-2). The cells are filled with aragonite and a magnesium-rich mineral which either has 
no visible crystalline form (Fig. 6-23 B) or sub-micron sized platelets (Fig. 6-24 A, C). 
Compared to the fracture indent immediately above in the Mg-calcite (Fig. 6-23 B), this 
indent (Fig. 6-23 C) has little visible cracking within or extending from the indent. There 
are empty cells within the indent area but the crust has not collapsed into these to the 
same degree as in the Mg-calcite only crust. The maximum displacement (1 700 nm) 
(Fig. 6-23 C) for this indent was just over one-half that for the above Mg-calcite indent (3 
333 mN) (Fig. 6-23 B).  
 
Figure 6-23: 600 mN fractures 2 and 3. A. Overview of transition from Mg-calcite crust 
to a patch of alteration with cell infill by aragonite and the unidentified Mg mineral. B. 
Fracture 2 with compression response similar to the fracture in figure 6-12. Organic 
material infilling cell space is rich in magnesium but does not have a clear crystalline 
form. C. Fracture 3 into alteration patch. Corners of indents are in cell spaces and there 
are no visible cracks forming on the other sides of the cells. White box enlarged in figure 
6-24.  
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The net result of this extra mineralisation within the cells is that cracks are deflected 
apparently even before they get started. The cell infill not only provides support to 
prevent collapse of cell wall into the cell (Fig. 6-24 A, B), but also the discontinuous 
mineral morphology within, appears to dissipate instead of transferring energy (Fig. 6-24 
C). There are two types of aragonite present; needle morphology typical of aragonite and  
 
 
Figure 6-24: Close up of white box in figure 23 C. A. BSE image shows aragonite and 
magnesium-rich mineral in-filling cell. B. SE of same site. C. Close up of aragonite and 
Mg-rich mineral.  
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an infill that has a fleshy appearance with mineralised organic features (Fig. 6-24 B). This 
was the only occasion in this study that aragonite was found encrusting or  
mineralising organic features. Typically aragonite was found in conceptacles empty of 
organic features or infilling empty cells or spaces created by damage to the crust.  
 
A 5 N fracture indent in another region of alteration with Mg-rich infill showed similar 
energy dissipation (Fig. 6-25). No cracks propagated and it appears that the infill is 
compressed under the load, preventing the skeleton from collapsing into the cell spaces.  
 
 
Figure 6-25: 5 N fracture indent into alteration with cell in-filled by unidentified Mg-rich 
mineral. A. Overview. B. Close-up of cell infill compressed by load. 
 
It is already shown that alteration within the crust locally changed the hardness and 
elastic modulus results. Fracture indents adjacent to these sites returned KIc of 1.61 MPa 
m1/2 , showing that fracture resistance was retained despite the proximity of borer tunnels, 
including within the indent area (Fig. 6-26). This raises an interesting challenge when 
considering the influence of borer created porosity within the crust. Chamberlain (1978) 
demonstrated a decrease in strength with increasing porosity in coral skeletons and the 
proposed that even a 10% increase in porosity from bioerosion could lead to a substantial 
decrease in crust strength. Here, it is demonstrated that local borer activity leads to 
alteration of proximal crust that reduces porosity; changing the mechanical properties of 
hardness and modulus while retaining the fracture toughness. It may be possible that 
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these local changes compensate for increased porosity from borer activity and prevent a 
decrease in overall crust strength. 
 
 
Figure 6-26: 5 N indent in altered crust adjacent to M10 hardness and modulus site. Holes 
within the indent area do not prevent fracture resistance. KIc = 1.61 MPa m1/2. 
 
Areas of alteration within the crust may be patches or bands across the crust (Fig. 6-27). 
These bands are also fracture resistant. An initial area of damage may allow borers access 
to the interior of the crust. However, because of the remineralisation their impact on the 
overall crust strength is limited to contribution to overall porosity by their remnant 
tunnels. There is evidence that even these larger areas of damage may be subsequently in-
filled by aragonite (Fig. 6-2).  
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Figure 6-27: 5 N indent in altered dolomite crust. A. Cells are in-filled indicating 
alteration. Cracks propagate from each corner. B. Overview of indent site in alteration 
band. There is a high abundance of visible bioerosion compared to pristine crust. Area at 
base of image has the tops of regrown conceptacles (C) visible and minor alteration 
associated with that process.  
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6.4.1.5 Summary of HF13 
The crust survey reveals the mechanical properties change in association with mineral 
changes. The dominating feature is the fracture resistance of the dolomite Mg-calcite 
crust. The surface Mg-calcite offers little or no fracture resistance. An unexpected result 
is that internal bioerosion can lead to changes in mechanical properties of nearby crust  
that may offset the negative affect caused by bioerosion. Bacterial erosion of the basal 
layers creates micro-porosity and mobilises calcium. This leads to remineralisation with 
altered mechanical properties. This first survey suggests that instead of being a 
destructive force, the activity of the bacteria may be a constructive force because of this 
remineralisation process. 
 
6.4.2 Indentation results for CCA HF12  
A transect from the top to the base was made using 600 mN indents and 5 N indents. 50 
mN grids were made in the centre of the dolomite- Mg-calcite crust. 10 N indents using 
the 1 mm spherical tip were made mid crust in the dolomite Mg-calcite layer (Fig. 6-28). 
 
 
Figure 6-28: Indent sites on HF12. (Photo). Numbered indents imaged in figures 6-31, 
32. 
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6.4.2.1 Hardness and elastic modulus  
The hardness and elastic modulus results for the perithallus-dolomite crust of 3.5 GPa 
and 61.5 GPa respectively were comparable to those for HF13 (H=3.4 GPa, E=58.9 GPa) 
(Table 6-3). However, the hardness and modulus values for the altered base crust in the 
region of the 5 N indents were substantially and significantly (p<0.001) higher than those 
for the altered transition area in HF13. HF12 (altered) had H = 5.2 GPa and E = 78.0 GPa 
compared to HF13 (altered) of H = 3.9 GPa and E = 64.8 GPa.  
 
 HF0012 
 
HF0013 
  H GPa E GPa H GPa E GPa 
Perithallus-
dolomite 
Mg-calcite     
Average 3.5 61.5 3.4 58.9 
St. dev 0.96 10.98 0.55 5.39 
Number 30 
 
41 
 Sig. Diff? 
  
No 
p = 0.62 
No 
p = 0.18 
Altered crust     
Average 5.2 78.0 3.9 64.8 
St. dev. 0.67 5.4 0.69 7.4 
Number 15  31  
Sig. Diff? 
  
Yes 
P<0.001 
Yes 
P<0.001 
Table 6-3: Hardness and elastic modulus values for CCA HF12 and HF13. 
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Fracture toughness 
The results for fracture resistance HF12 changed with mineral phases similarly to HF13 
(Fig. 6-29).  
 
 
Figure 6-29: Map of fracture resistance of P.onkodes HF12.  
 
However there were two key differences, firstly the average fracture toughness values for 
the 5 N fracture indents were significantly higher for HF12 than HF13, (HF12= 2.13, 
HF13 =1.17 MPa m1/2) (Table 6-4). This difference disappeared when comparing only 
the results of the HF13 10N group, but when compared to all fracture measurements 
made including the 600 mN fractures (n=20) in HF13 the difference was borderline, 
p=0.057. Secondly, there was a larger area of altered base with fracture resistance 
enabling five measurements to be taken. These had an average value comparable to the 
dolomite Mg-calcite crust (2.04 MPa m1/2). 
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 Dolomite Mg-calcite  Base Altered 
 Number KIc MPa m1/2 Base altered KIc MPa m1/2 
HF12 (5 N) n=5 2.13 (s.d. 0.56) n=5 2.04 (s.d. 0.21) 
HF13 (5 N) n=7 1.17 (s.d. 0.29) n=2 0.47 and 2.04 
Significantly 
different? 
 HF12 v HF13 
Yes p=0.003 
  
HF13 location 
2 (9.3 – 9.7 N) 
N=5 1.98 (s.d. 0.55)   
Significantly 
different 
 To HF13 5 N 
Yes  
p=0.007 
To HF12 5 N 
No 
p=0.680 
 
HF13 all 
fracture indents 
N=20 1.58 (s.d. 0.56)   
Significantly 
different  
 To HF12 
p=0.057 
  
Table 6-4: Fracture toughness for CCA HF12 and HF13.  
 
Comparing the maximum displacement for the 10 N, 1 mm spherical tip indents, the 
average depth in the dolomite Mg-calcite crust was significantly shallower for HF12 (5.5 
µm) than HF13 (7.4 µm) (Table 6-5).  
 
 
HF12  HF13 
Average max. depth 
microns 5.5 7.4 
St. dev 0.37 0.58 
Number 6 5 
Sig diff? 
To HF14  
yes  
p<0.001 
To HF12  
yes  
p<0.001 
Table 6-5: Maximum depth for 1mm spherical tip using 10 N load. 
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Considering that the fracture toughness of the 10 N indents (actual load range +9 to <10 
N) was comparable to the HF12 5 N indents, this difference in maximum depth suggests 
that controls on maximum compression are different from controls for crack propagation. 
The higher the porosity, the more the material can be compressed because there is more 
available space. Whereas crack propagation depends on deflection, with maximum depth 
having an influence via calculations for hardness and modulus. The crack deflection 
observed in HF12 was similar to HF13. Indent corners ending over cell spaces had crack 
energy absorbed by the dolomite lining in the cell space (Fig. 6-30 A) with the magnesite 
infill possibly enabling this process.  
 
Figure 6-30: 5 N indent in dolomite Mg-calcite A. Crack dissipates in cell. B. Dolomite 
breaks as sheet. 
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Figure 6-31: HF12 5 N fracture indent (No.12) in altered base KIc 2.2 MPa m1/2. A. 
Overview. Crack propagation behaves differently to the unaltered P-D crust. B. Cracks 
travel through dolomite-lined cell but do not continue into altered Mg-calcite crust; 
instead cracks are deflected along the gap between the two mineral types. 
 
The prevention of skeletal collapse into cell spaces observed in HF13 was also present in 
HF12 (Fig. 6-30 B). Fracture resistance in the base altered layers offered an opportunity 
to understand how crack deflection changes with the remineralisation while retaining 
resistance to fracture (Fig. 6-31). Dolomite lining was preserved in the altered region but 
cracks did not preferentially follow the centre line of the dolomite lining as observed in 
the unaltered HF13 crust. Instead, cracks travelled around the edges of cells between the 
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dolomite lining and the remineralised Mg-calcite (Fig. 6-31 A). Cracks travelling through 
the centre of the cell did not continue out the other side, instead were deflected again 
along the join between the dolomite lining and the remineralised Mg-calcite (Fig. 6-31 
B). The deflection indicates that the remineralised Mg-calcite has a different capacity to 
resist cracking than does the unaltered cell wall or inter-filament Mg-calcite. Probably, 
the porosity is less than the unaltered Mg-calcite and from the deflection observed here, 
is probably also less than the dolomite lining. The crack would require an increase in 
energy to break into the altered Mg-calcite whereas deflecting along the edge of the 
dolomite lining is the least energy intensive path. 
 
The observation of this crack deflection behavior together with the measured resistance to 
fracture supports the conclusion made after the HF13 analyses that the bacteria 
Mastigocoleus bioerosion role can be constructional on the reef rather than only 
destructive. 
 
6.4.2.2 Properties of dolomite lining and dolomite infill in internal hypothallial growth 
Whilst establishing the indentation methods, low load indentation was trialed with the 
goal of obtaining separate measurements for each type of skeletal structure. This was 
generally unsuccessful, with most curves breaking on load or having defective load 
curves. However, for an area of hypothallial regrowth tested, the load curves were all 
smooth. This area was highlighted in chapter 5, hypothallial growth section. The 
dolomite cell wall had a higher average mol% MgCO3 than the dolomite infill. Also, the 
infill was grainy in appearance whereas the cell wall was smooth and appeared fleshy. 
Presumably this was due to organics present in the cell wall (Fig. 6-32). As well as the 
mineral and visual differences there were also differences in their mechanical properties. 
The hardness values were not different (cell wall 4.5 GPa, infill 4.6 GPa) (load 3 mN) but 
the elastic modulus values for the cell wall were significantly lower than the infill (cell 
wall 65.8 GPa, infill 72.5 GPa) (Table 6-6, Fig. 6-33). 
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Dolomite type Number 
Hardness 
GPa 
St. Dev. 
GPa 
Modulus 
GPa 
St. Dev. 
GPa 
Infill n=9 4.5 0.72 72.4 4.61 
Cell Wall n=10 4.6 0.44 65.8 2.86 
Significantly different? 
No  
p = 0.860  
Yes  
p = 0.001  
Table 6-6: Indent results for 3 mN load comparing properties of hypothallial dolomite 
cell wall and infill. 
 
 
Figure 6-32: 3 mN indents into dolomite hypothallial regrowth (HF12). A, B. Indent sites 
and SEM and in-situ imaging during indentation. C, D. Mineral composition and 
overview from Chapter 5. 
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The reasons for this difference in elastic modulus whilst having comparable hardness are 
not clear.  
 
 
Figure 6-33: Scatter plot for hardness and modulus values for hypothallial dolomite. 
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Indentation results for CCA HF14 
The sample HF14 was the thinnest crust of the three crusts analysed. It also had the coral 
substrate attached allowing an opportunity to test the properties of coral encased by CCA 
as compared to the fresh corals used in chapter 4 (Fig. 6-34). 
 
Figure 6-34: HF14. A. Indent sites (BSE image), extra 10 N 1mm spherical tip indents 
were made in coral extending below this image. B. Map of fracture properties. 
 
6.4.2.3 Hardness and elastic modulus 
The hardness (3.2 GPa) and modulus (52.5 GPa) measurements for the perithallus 
dolomite were significantly lower than for HF12 and HF13 (Table 6-7). The only 
observable difference was that the dolomite lining was thinner than in HF12 and HF13. 
ANOVA for HF12, HF13 and HF14 showed no difference between HF12 and HF13, 
these were combined for final analysis. 
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HF12 & 13 HF12 & 13 HF14 HF14 
 
H GPa E GPa H GPa E GPa 
Average 3.48 60 2.86 50.53 
St. Dev. 0.74 8.26 1.04 9.86 
Number 71 
 
29 
 
Sig. Diff?   
Yes 
p <0.0001 
Yes 
p = 0.001 
Table 6-7: Summary statistics for fore reef CCA hardness and modulus for the P-D crust.  
 
6.4.2.4 Fracture Toughness 
The fracture properties in HF14 generally followed the mineral changes comparably to 
HF12 and HF13 (Fig. 6-34 B) but not all areas of the dolomite Mg-calcite crust were 
fracture resistant. The dolomite lining was much thinner than in HF12 or HF13. Dolomite 
lining in HF13 ranged from 1-2 microns and in HF12, from 0.5-2 microns whereas the 
lining in HF14 ranged from 0.3-.5 microns. There were features visible in fracture indents 
in the HF14 dolomite Mg-calcite that were similar to Mg-calcite-only crust (Fig. 6-35). 
Feathering of the cell edge into the cell and collapse of the skeleton persisted despite the 
presence of dolomite cell lining. This suggests that there may be a minimum thickness of 
dolomite cell lining required to consistently provide fracture resistance.  
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Figure 6-35: 600 mN indent in HF14 dolomite Mg-calcite. Dolomite peels off as a sheet 
and the cell walls show feathering similarly to the Mg-calcite only layers. 
 
Fracture toughness measurements for the three fracture resistance indents at 5 N averaged 
2.87 MPa m1/2. This result is higher than for HF12 (2.13 MPa m1/2) and HF13 (1.17 MPa 
m1/2) (Table 6-3). Results for the 10 N 1 mm spherical tip indent showed that HF14 had 
the deepest compression of the three crusts. Maximum depth was significantly deeper 
than HF12 and HF13 (Table 6-8). This deeper compression, together with the visibly 
thinner dolomite lining and thinner crust raise a concern that the measured fracture 
toughness may be overstating the toughness when considered together with the 
displacement data for HF12 and HF13. For this reason the HF14 results are not included 
in the final summary of fracture toughness values. Further work would be required to 
confirm if these higher values do in fact reflect higher fracture toughness.  
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HF12  HF13 HF14 
Average max. depth 
microns 5.5 7.4 8.8 
St. Dev. 0.37 0.58 0.9 
Number 6 5 7 
Sig. diff? 
To HF14  
Yes  
p<0.001 
To HF12  
Yes  
p<0.001 
To HF13  
Yes  
p=0.016 
 6-8: Results for 10 N 1 mm indents. 
 
HF14 was the only sample with basal hypothallus intact (Fig. 6-36). Fracture loading 
collapsed the skeleton into the cell spaces similarly to the Mg-calcite crust (Fig. 6-36 B). 
The hypothallus had predominantly a dolomite cell wall  (Fig. 6-36 C) and either no Mg-
calcite cell wall or poorly developed Mg-calcite cell wall. There was minimal inter-
filament calcification present.  
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Figure 6-36: 600 mN indent into HF14 hypothallus. A. Overview. B. Close up. Although 
there is dolomite lining in the hypothallus transition zone, this does not prevent collapse 
of the skeleton into the cell spaces. C. This area of the hypothallus either has a dolomite 
cell wall or it is a very poorly developed Mg-calcite cell wall. 
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6.4.2.5 Indentation results for coral under CCA HF14 
The coral substrate under HF14 was highly bioeroded with borings visible throughout the 
remnant skeleton (Fig. 6-38). Hardness and elastic modulus measurements made in the 
coral substrate below the CCA growth (Fig. 6-38) were 5.1 GPa and 76.0 GPa 
respectively (n=70, s.d. 0.64 GPa and 11.9 GPa). These were both significantly lower 
than values measured in fresh coral (chapter 4) (p <0.001 for both) (Fig. 6-37). Fracture 
indents into the CCA-coral had fracture toughness of 1.33 MPa m1/2 (n=4, s.d. 0.44). A 
total of ten 600 mN fracture indents were made; the remainder either had no cracks, pile 
up or only one crack and one led to failure of the skeleton (Fig. 6-38 B). Micron-scale 
tunnels from bioerosion acted to inhibit crack propagation (Fig. 6-38 B inset). 
 
 
Figure 6-37: Box plots of modulus and hardness results for coral under HF14 compared 
to fresh coral (chapter 4) and aragonite cement in CCA (HF13). 
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Figure 6-38: Coral under HF14. A. Overview. B. Two fractures both at the same load. 
Fractures are stopped by micro-borings (inset). Indent near internal edge collapses.  
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The fracture toughness values are double those for the fresh coral (KIc = 0.53 MPa m1/2,) 
(chapter 4). An array of 10 N 1 mm indents were made but these often led to collapse of 
the skeleton (Fig. 6-38 A) and were not pursued further. Probably, the bioerosion when 
enclosed by the CCA leads to reminineralisation of the CCA crust similarly to that in the 
CCA altered base. This leads to enhanced fracture resistance of this altered crust relative 
to fresh coral. By enabling this remineralisation, the CCA are effectively acting as a 
multiplier of fracture resistance in the reef structure. This process has not previously been 
described but must be an important part of structural reef building.  
 
 
6.5 Discussion 
 
These are the first tests of mechanical properties of CCA and the coral it encloses. 
Comparing these results to published data for other organisms and geologic minerals 
reveals surprising differences. The hardness and elastic modulus measurements are 
within the range reported for the mineral calcite and other biological carbonates formed 
by abalone, sea urchins and bivalves (Table 6-9). However, the fracture toughness values 
compared to those of the Mohr’s geologic mineral set of calcite, quartz, corundum (ruby 
and sapphire) and topaz, which were also tested using a Berkovich tip (Broz et al., 2006) 
enabling direct comparison to the CCA results, show that CCA has a fracture toughness 
equivalent to some of the toughest metamorphic minerals. CCA with fracture toughness 
of 1.58 to 2.13 MPa m1/2 sits between the KIc for quartz (1.6 MPa m1/2) and corundum 
(2.38 MPa m1/2). Hardness and modulus values for quartz (14.54 GPa, 118 GPa) and 
corundum (29.29 GPa, 376 GPa) are multiple-times more than for the CCA indicating 
these properties do not control the ultimate toughness of the material. This comparison 
indicates that the crack deflection properties of the CCA take this material from being 
one with average mechanical properties as measured by hardness and elastic modulus, to 
one of extraordinary toughness comparable to minerals formed under high temperature 
and pressure. This is an astonishing result and sheds light on how a reef built by a 
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community of relatively fragile organisms can be cemented together to form a structural 
reef that protects shorelines from high-energy wave events. 
 
Previous work on animal bones has demonstrated that thin bands (micron) of softer and 
more compliant cement lining interfaces between harder and stiff bone components 
enables crack deflection and inhibition that contributes to the overall toughness of the 
bone. (Montalbano and Feng, 2011). Cracks follow the path of least resistance. Within 
the P. onkodes these paths range from meandering to sharp right angle turns. Abalone 
shells have a miniature ‘bricks and mortar’ structure with the aragonite bricks cemented 
by a thin layer of organic glue (Meyers et al., 2008). This structure increases the amount 
of work for a crack to propagate, by both deflecting the crack and forcing the cracks in a 
tortuous path. The P. onkodes, with its complex internal structure, similarly forces cracks 
to work hard to propagate. This crack deflection property is common in shells of marine 
animals (e.g. Raman and Kumar, 2011; Romana et al., 2013). However, the uniqueness of 
the P. onkodes is the extensive landmass it can build. P. onkodes can build structures 
kilometres long and 10’s to 100’s of metres wide (e.g. Darwin, 1890; Rees et al., 2005) in 
contrast, shells can only protect an individual.  It appears that the composite nature of the 
P. onkodes crust with dolomite are similar to biominerals such as nacre, dentin and bone, 
whereby the combination of mineral and organics together provide superior structural 
properties than the sum of their individual parts (Dastjerdi et al., 2013; Wegst et al., 
2015).   These organisms and the P. onkodes all exhibit extrinsic (external to the 
individual mineral or organic material) toughening mechanisms that absorb, arrest and 
deflect cracks within the structure.  
 
There may also be intrinsic toughening mechanisms within the individual crystals. The 
Mg-C grains of the cell wall are shown to form within an organic mesh structure, 
probably this is within a gel matrix (Sommerdijk and Nudelman, 2012). Considering the 
regular shape of the cell wall crystals, it is quite likely that the individual crystals are 
either formed within an organic sheath or incorporate organic material during their 
formation. The EDS measurements of the different carbonates within the CCA typically 
returned lower total weights than a rock carbonate (discussed in the supplementary 
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information Table 1a, Nash et al., 2011) indicating the presence of organic material 
within the carbonates.  As an intrinsic mechanism, this organic material could aid in 
fracture toughening by providing some degree of ductility to the individual grains that 
would provide zones for plastic deformation rather than cracking (Wegst et al. 2004) as 
seen at a larger scale in abalone nacre (Li et al., 2004). Further, bands of organic material 
between the indivual crystals can operate to defelct cracks from their original directionof 
travel (Li et al., 2004).  
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Organism/ material Hardness 
GPa 
Elastic 
modulus GPa 
KIc  
MPa 
m1/2 
Reference 
Bivalve, Placuna Placenta 
Aragonite 
3.5 71.1  Li and Oritz, 2014 
Echinoderms, spine, 
Paracentrotus lividus  
Mg-calcite 
1.76 to 3.84 25.9 to 65.6  Moureaux et al., 2010 
Echinoderm teeth, Mg-calcite 
Paracentrotus lividus 
Polycrystalline matrix 
3.5 to 3.9 
 
5.7 
71.1 to 79.5 
 
98.5 
 Ma and Qi, 2010 
Abalone shell, Nacre 
aragonite 
 79-92   Bruet et al., 2005 
Barnacles 2.6-3.4 39.7-66.8 0.52 Raman and Kumar, 
2011 
Teeth enamel 4 60 0.17 -2 Meyers et al., 2008 
Crab Menippe mercenaria  
 
0.48 to 1.33   Melnick et al., 1996 
Pteropod shell,  
Aragonite 
2.3 45.27  Teniswood et al., 
2013 
Serpulid worm tube, 
Hydroides elegans aragonite 
1.4 to 3 23 to 42  Chan et al., 2013 
 
“ “ 2 to 3.6 32 to 62  Li et al., 2014 
Black coral, Antipatharia 
Chitin 
0.13 to 
0.167 
3.7 to 6.4  Juarez de la rose et al., 
2012 
Calcite 3.8 73.5  Ma & Qi, 2010 
Dolomite 6.5 117  “ 
CCA  52.5 to 61.5  This study 
Calcite 2.21 78 0.39 Broz et al., 2006 
Coral fresh 6.35 88.1 0.53 This study 
Fluorite 2.37 140 0.89 Broz et al., 2006 
CCA 3.16 to 3.53   This study 
Apatite 6.73 151 0.76 Broz et al., 2006 
Orthoclase 9.11 89 0.88 “ 
Coral-dead encrusted 5.05 76 1.33 This study 
Quartz 14.54 118 1.6 Broz et al., 2006 
CCA* 
excluded HF14 
  1.17 to 
2.13 This study 
Topaz 21.38 269 1.04 Broz et al., 2006 
Corundum 29.29 376 2.38 “ 
Table 6-9: Comparison of results from this study to published data.  
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6.6 Model for CCA reef cementation 
A model is proposed here combining the observed skeletal features and mechanical 
properties derived from indentation. This describes the fundamental processes by which 
CCA cement and bind the reef after growing over the substrate (Fig. 6-39). The 
photsynthetically active surficial layers have poor fracture resistance and can be easily 
scraped off by grazers. The transition from the surficial photosynthetically active cells to 
those lined by dolomite marks the shift to a bite-resistant crust with fracture toughness  
 
 
Figure 6-39: A model of cementation processes by fore reef CCA combining crust 
features and measured mechanical properties. 
 
equivalent to tough metamorphic minerals. Endolithic bioerosion can lead to local 
remineralisation that retains the fracture resistant properties. Calcium removal by the 
Mastigocoleus bacteria enables remineralisation of proximal crust, again with fracture 
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resistance retained. The transition to the coral substrate may include alteration of the 
CCA crust to aragonite (chapter 5 and 8). The mechanical properties of the basal 
aragonite have not been tested, but by retaining the crust intact this presumably would not 
impede the next important part of the process. Remineralisation of the enclosed coral 
transforms the pristine coral crust to a tougher substrate than provided by the living coral.  
 
Consideration is now given to whether the types of alteration from the original pristine 
skeletons shown herein should be considered as early diagenesis of the reef. The majority 
of the CCA basal remineralisation and enclosed coral are both driven by bacterial erosion 
destroying portions of the original skeleton.  Geological definitions of coral reef 
diagenesis exclude remineralisation associated with these type of bioerosive activities 
(Scoffin 1992).   Possibly the infilling of cell vacuoles by aragonite or Mg-calcite 
cements could be considered as a diagenetic process.  However as these occur 
contemporaneously with crust growth this would seem to place them outside of the 
definition which is applied to post-mortem alteration of the limestone once it is buried.  
The base of HF14 (Figures 5-43 to 5-47) show remineralisation of the Mg-calcite and 
possibly alteration of the primary dolomite.  This is diagenesis but whether it meets the 
commonly-applied geological application of the term in the reef context is not clear as the 
alteration has occurred relatively contemporaneously with growth.  Typically work on 
coral reef cementation and lithification is undertaken by studying drill cores from the reef 
(e.g. Macintrye 1977) and cementation within old CCA crusts, similarly as when 
dolomite is found (Scoffin 1992), is presumed not to have formed as part of the living 
process. While it is has been widely recognized that early diagenesis lithifies the shallow 
reef framework (reviewed in Perry and Hepburn 2008) the results presented here suggest 
that the biologically-induced secondary mineralisation processes in CCA play a 
substantial role in this lithification that goes beyond their recognized binding and 
encrusting role.   
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6.7 Contribution of mechanical properties to CCA reef-building 
strength 
The net outcome of the dolomite infill and remineralisation is to increase the thickness of 
the crust, including coral substrate that is fracture resistant. When determining the 
ultimate strength of a material (stress at failure), the denominator in the equation is the 
area under load (Eqn 6.1). 
 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ!"#$%&' = !"#$!"#$    (Eqn 6.1) 
 
By increasing the area under load, as happens for the CCA with the above-described 
processes, the load required for failure increases, assuming the inherent strength of the 
material does not change. For example, the increase in load required can be demonstrated 
using equation 6.1 and the schematic in figure 6-40. For a 1 cm wide crust with a 2 mm 
thick band of fracture resistant crust and a load applied evenly across the crust 
 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ!"#$%&' = 𝐿20  𝑚𝑚! 
 
If the thickness of the fracture resistant crust increases to 1 cm, holding the material 
strength unchanged, then 
 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ!"#$%&' = 5𝐿100  𝑚𝑚! 
That is, by increasing the crust thickness from 2 to 10 mm, holding all other properties 
equal, the load required to break the crust also increases by a factor of 5 (Fig. 6-40).  
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Figure 6-40: Schematic of extra load required to break thickened CCA. w – width, h – 
height. 
 
6.8 Summary 
The objectives of this chapter were achieved and the mechanical properties of reef-
building CCA P. onkodes have been described. Extraordinary toughness of the dolomite- 
Mg-calcite portion of the crust appears to be the key reef-building mechanical property of 
the CCA, P. onkodes. Dolomite cell lining in turn emerges as the essential element for 
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fracture resistance, which, in turn enables thick crust development in the face of the 
physical destructive forces on the reef. This transformation of CCA to fracture resistant 
crust, and in some cases the underlying coral substrate is also transformed, increases the 
overall strength of the crust thus enabling structural reef development. 
 
The surface of the CCA is relatively soft compared to the fracture-resistant bulk of the 
dolomite perithallus. The fracture resistance is conferred by the dolomite lining acting as 
reinforcement against compressive loading. This reinforcing characteristic seems likely to 
come from a combination of the dolomite mineral and the organic membrane that it forms 
within, as dolomite in conceptacles is not extra tough or hard compared to the Mg-calcite. 
Crack propagation is inhibited by deflection as it transitions between different mineral 
types and cell spaces. Micro-cracks also act to absorb fracture energy.  
 
Where there has been alteration within the crust resulting in remineralisation of the inter-
filament area, the mechanical properties of hardness and modulus are changed and both 
are higher. In the basal layers underneath the bacterially active band, remineralision 
changes not only the hardness and modulus but also the fracture response. The 
remineralised basal crust is at least as tough as the dolomite crust but the micron-scale 
mechanisms of crack deflection are different. This is a significant finding because usually 
the bacterial bioerosion on coral reefs is considered a destructive process (e.g. Scoffin 
1992) whereas it is demonstrated here that it can be an important constructive process 
similarly as observed for lithification of stromatolites (Macintyre et al., 2000). 
 
The enclosure of coral by CCA appears to enable the transformation of the pristine coral 
skeleton to one with enhanced fracture resistance.  This extra fracture resistance appears 
further enhanced due to crack deflection from micro-pores created by endolithic 
bioerosion. 
 
In summary, the CCA with dolomite forms a highly fracture resistant crust, on par with 
the measured properties for quartz and corundum. In comparison to the pristine coral, the 
CCA has lower hardness and modulus yet has three times higher fracture toughness and 
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does not collapse under loads that shatter the internal coral skeleton. Transformation of 
the crust by bacterial erosion retains this high fracture resistance and demonstrates that 
the cementation of the reef is a combination of material supply by the CCA and 
reworking by bacteria that leads to a tough crust over coral branches creating a semi-
closed system that enables remineralisation and increased fracture toughness of the coral 
skeleton. 
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7 Heron Island survey  
This chapter meets Aim 5- Determine what physical properties enable development of 
thick reef-building CCA crusts, by pursuing the following specific objectives: 
1. Undertake a field survey at Heron Island and collect CCA P. onkodes samples 
from the reef flat and fore reef. 
2. Compare the crust thickness, endolithic colonisation, mineral composition and 
calcification of the reef flat (non-reef building) CCA to the fore reef CCA 
(structural reef building) characterised in chapter 5. 
3. Compare the mechanical properties of the reef flat CCA to the fore reef CCA 
characterised in chapter 6. 
4. Consider these results in the context of the three main destructive forces on the 
reef; bacterial, physical and chemical erosion and specifically determine the 
influence of dolomite on net dissolution. 
5. Develop a model for structural reef development based on results of objectives 2, 
3, and 4. 
 
Further to these specific objectives, firstly, mineral analyses and comparison of crust 
thickness and endolithic colonisation are made and from these, clear differences between 
CCA from the two habitats are identified. Next, imaging by SEM is made of the reef flat 
CCA to begin to understand how these differences occur. Then, results of 
nanoindentation are presented that show the mechanical differences between CCA from 
the two habitats. These results are considered in the context of the three main reef 
destructive processes bacterial, physical and chemical erosion. A dissolution experiment 
demonstrates the differences in dissolution due to the mineral phases encountered. 
Finally, a model for CCA structural reef building is developed combining results from 
this and previous chapters.  
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7.1 Introduction 
The shallow reef crest of the fore reef provides the majority of shore-line protection from 
high-energy waves, both every day waves and storm events. Globally, reef crests 
attenuate 86% of wave energy on the coral reefs (Ferrario et al., 2014). The CCA form 
their algal rim in the area of highest wave energy absorption (Adey et al., 1976; Steneck 
et al., 2003; Ferrario et al., 2014). When considering potential impacts of ocean 
acidification (OA) it is important to know how the CCA persist under wave energy 
conditions that can devastate unprotected shorelines, what specific properties enable this 
persistence and how may those properties be affected by OA. Not only must the CCA 
combat wave energy, but also the targeted destruction by parrotfish (Steneck, 1983; Hoey 
and Bellwood, 2008) and other grazers. Parrotfish as a community, at their most 
voracious on the outer shelf reefs of the GBR can eat nearly the equivalent (23.1 to 32.3 
kg m-2 y-1) of the daily reef carbonate production (23-35 kg m-2 y-1) as they graze 
virtually non-stop from dawn to dusk on corals and coralline algae each day (Hoey and 
Bellwood, 2008). Adding to the physical threats from waves and parrotfish, endolithic 
organisms such as bacteria, sponges and fungi can bio-erode ½ kg m-2 y-1 of reef 
production each year (Vogel et al., 2000). Overnight, the pH in coral reef lagoons 
(encompassing the reef flat area) declines leading to dissolution of carbonate (e.g. Price 
et al., 2012; reviewed in Eyre et al., 2014) and the pH in the Heron Island lagoon reaches 
as low as 7.6 (Santos et al., 2011; Kline et al., 2012). Considering these destructive forces 
acting on the reef, how exactly do the CCA continue not only to survive but also 
proliferate and produce enduring skeletons under these conditions?  
 
The bite depth into CCA from parrotfish is an average of only 288 microns (Steneck, 
1983) compared to the 4x deeper bites recorded on Porites corals (flat surface) of 1300 
microns (Welsh et al., 2015). Clearly, there is a physical mechanism inhibiting the bite 
depth into CCA relative to corals. There must also be other mechanisms enabling the 
CCA, P. onkodes, to form their thick crusts in the high-energy shallow reef as well as 
persisting post-mortem to contribute to the structural development of the reef. The 
previous chapter started to answer these questions from the perspective of the mechanical 
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properties but another useful approach is to compare the properties of the CCA that do 
build the reef, i.e. the fore reef CCA of the previous chapter, to those of the same species 
that do not, perhaps cannot, build reef structures, that is the CCA in the reef flat.  
 
7.2 Aim 
Determine the mineral and mechanical properties of CCA, P. onkodes growing in a reef-
building habitat compared to non-reef building (reef flat) with a view to understanding 
what specific properties enable structural reef development by CCA.  
 
7.3 Methods 
7.3.1 Field survey 
CCA fragments were collected from ten sites (Figure 7-1) at the Heron Island reef (-
23°26'01", 151°55'47"), Great Barrier Reef, Australia in Nov-Dec 2013. These were from 
four sites within the  
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Figure 7-1: Sample sites on Heron Island with cross section profile of depths and number 
of samples. 
reef flat (n=13) and six sites on the fore reef (n=37).  The reef flat comprised two sites; s1 
and s2 within 100 metres of the beach in shallow lagoonal area not exposed at low tide 
and s3 and s4 from the back reef flat, halfway between the reef crest and the shore and 
with corals exposed at low tide. The fore reef sites comprised the intertidal algal rim (reef 
crest) exposed at low tide and five sites down a depth gradient on the reef front ‘Reef 
Slope’, Tenements I reef (Fig. 7-1, 2).  The Tenements site is on the leeward side of the 
Heron reef.  The algal rim is mostly continuous around the Heron reef on both the 
windward and leeward sides (Jell 1977).  The intertidal collection site had CCA crusts 
present similarly to the windward intertidal rim (Fig. 7-36 collected in a separate study 
from the windward algal rim at the termination of the position of reef flat-back reef 
transect in this survey) however carrying out a full survey in the windward slope poses 
safety risks and for this reason the leeward side was surveyed. 
 
Reef slope samples were collected from 3-4, 4-5, 6-7, 8-9 and 9-10 metres. At each 
collection site, between four and five fragments of P. onkodes individual crusts (3-8 cm 
diameter) were collected using a hammer and chisel (Fig. 7-2).  CCA were taken from 
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both off individual coral branches and chipped out of flat CCA substrate.  Samples were 
placed in individual plastic bags. In the laboratory, samples were allowed to dry at room 
temperature prior to mineralogical analysis, and subsequently stored in plastic bags with 
silica.   
 
Species identification was made immediately after collection by G. Diaz-Pulido and was 
based on morphological features typical for P. onkodes such as raised conceptacles.  
Molecular testing is being carried out to confirm the identification but is not part of this 
thesis work and was not complete by the time this thesis was written. P. onkodes have 
been previously been identified in the lagoon, reef flats, algal rims and windward and 
leeward reef slopes of Heron Is. Reef (Ringeltaube and Harvey 2000). 
 
The crusts from the reef flat for the purpose of this study are considered non-reef building 
as they do not form part of the continuous carbonate structural protective part of the reef 
nor do they form flat CCA substrate as found on the algal-rim and fore-reef.  They do 
contribute to reef building in the context of contributing to sediment build up via 
fractions of their dead skeleton accreting as sand.  However, this study is investigating 
the cemented structure-building properties, not the general contribution to reef 
development.   The CCA from the fore-reef are classified as structural reef builders 
because they form extensive continuous structures.  While all the reef flat-beach and reef 
flat-back reef CCA were grouped together for the mineral analyses, the CCA used for the 
nanoindentation testing were from the reef flat-beach site 2. 
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Figure 7-2: Examples of habitat and sampling. A. CCA and coral community on the 
shallow reef crest in the fore reef. B, C. Collection method of P. onkodes using hammer 
and chisel. D. Reef flat CCA community. Photo credit- Guillermo Diaz-Pulido. 
 
7.3.2 Crust analyses 
The quantitative mineralogical analyses included determinations of mol% MgCO3 for 
magnesium calcite and relative proportion of dolomite (Ca0.5Mg0.5CO3). This method 
applied the asymmetry curve method from chapter 3 and aragonite weight % from Diaz-
Pulido et al. (2014). To examine the differences between the mineralogy of the 
pigmented photosynthetic layer and the underlying bulk crust, two samples were taken 
from each algal crust, one from the upper pink living layer and a second section through 
the entire skeletal crust (bulk). The pink layer was sampled by gently scraping the surface 
with a razor, taking care not to cut into the white crust underneath. However, because the 
sampling for the pink surface may include both epithallus (surface growth tissue) and 
minor perithallus (crust underneath), here it is referred to as pink tissue rather than 
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epithallus. The bulk crust was sampled using shears. Care was taken to avoid any crust 
with clear signs of discoloration or tissue mortality.  
 
Samples were ground to a fine powder and fluorite was added as an internal standard. All 
samples were initially analysed by XRD at Heron Island Research Station using an 
InXitu Terra Field Portable XRD. The XRD generated diffraction measurements, 
collected simultaneously from all 2-theta angles ranging from 5-55°, X-ray tube voltage 
30kV, using a cobalt tube. Initial mineral identification was made using the scan 
processing package Xpowder (Martin, 2004). All bulk skeletal samples were later re-
analysed at the Australian National University laboratory, using a SIEMENS D501 
Bragg-Brentano diffractometer) in order to obtain the highest precision possible for the 
dolomite determination following methods in chapter 3. 
 
For SEM, CCA samples were fractured, mounted using carbon tape and carbon coated or 
platinum coated prior to scanning electron microscopy energy dispersive spectroscopy 
(SEM-EDS) using either the Zeiss UltraPlus field emission scanning electron microscope 
(FESEM) or the Hitachi 4300 SE with operating conditions as per chapter 2. Samples 
used for nanoindentation were polished following methods in chapter 5. 
 
CCA crusts were measured to the nearest millimetre at the thickest portion. Subsamples 
for XRD were taken from the same thickness area. To examine the potential relationship 
between CCA mineralogy and the abundance of endolithic activity, which could be by 
algae, bacteria and/or fungi, the amount of endolithic colonisation (taken as area of white 
crust stained green. example Fig. 7-7) was estimated to the nearest 10% by measuring the 
thickest part of the green band relative to the crust thickness at that same point. Generally 
the bands were of consistent thickness. However for those that were not, extra 
measurements were made to estimate abundance. This does not account for any variation 
within the crust and is recognised as an estimate. The presence of endolith boring was 
confirmed from SEM imaging. Statistical analyses were undertaken using statistical 
functions in Excel or online statistical calculator Plotly for t test and ANOVA.  
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Mechanical properties- Methods established in Chapter 4 were followed. 
 
7.4 Crust composition results 
7.4.1 Mg-content of growth surface compared to bulk crust 
The presence of pink (pigmented) surface layer tissue has a significant effect on CCA 
mineralogy across all habitats. There was no difference in MgCO3 of the pink-pigmented 
skeleton across habitats (p=0.82, Table 7-1). The bulk crust from both habitats had higher 
mol% MgCO3 (16.4 and 17.2 mol% MgCO3 for reef flat and open reef habitats  
 
Sample Number Surface mol% Number Bulk mol% p= 
Fore reef 34 15.7 36 17.2 <0.0001 
St. Dev.  0.61  0.4  
 
Reef flat 6 15.6 13 16.4 <0.0001 
St. Dev.  0.87  0.5  
p=  0.82  <0.0001  
Table 7-1: Comparison of mineral composition for the surface only to the bulk sample 
and the surface and bulk by habitat. Bold indicates significant difference. 
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respectively) than the pink-pigmented skeleton (average 15.7 mol% MgCO3 for all 
habitats) (Fig. 7-3), (Table 7-3). There was no dolomite or aragonite detected in the pink 
growth layers at any of the habitats examined. 
 
 
Figure 7-3: Comparison of mol% MgCO3 for the pink surface to the bulk crust. No 
difference for the surface between habitats but the bulk mol% MgCO3 was significantly 
higher for both habitats (★). 
 
7.4.2 Influence of habitat  
7.4.2.1 MgCO3 
The type of habitat had a significant influence on the mineralogy of the bulk crust. Mol% 
MgCO3 was significantly higher in the bulk crusts for the fore reef habitats (crest and reef 
slope) compared to the reef flat habitats (p <0.0001) (Fig. 7-4 A, Table 7-2). Dolomite 
peak asymmetry was also significantly higher (p <0.0001) in bulk crust from the fore reef 
compared to the reef flat (Fig. 7-4 A) (Table 7-2). The average asymmetry for the reef 
flat CCA was below 1, indicating that there was unlikely to be any dolomite within the 
crust, whereas the fore reef CCA had an average of >2 indicating the presence of 
dolomite. The amount of endolithic colonisation varied significantly across reef habitats 
(Fig. 7-4 B) (Table 7-2). The reef flat had significantly higher endolithic colonisation 
(97.5%) than the fore reef (29.5%). Crusts were significantly thicker (3.1 mm) for the 
fore reef CCA than the reef flat CCA (1.8 mm) (Fig. 7-5 C) (Table 7-2). Aragonite 
content was higher in P. onkodes from the reef flat than the fore reef (excluding one 
 284 
outlier) (Fig. 7-4 D) (Table 7-2). CCA with aragonite were also more common in the reef 
flat (with 54% of samples containing aragonite (n=13) compared to 22% on the fore reef, 
including both the crest and front (n=37). 
 Habitat 
Mol% 
MgCO3 
Asymm. 
mol% 
Asymm. 
difference 
Aragonite 
Weight % 
Crust 
(mm) 
Endolith 
% 
Avg. 
Fore 
reef 17.2 20.5 3.3 0.5 3.1 29 
St. Dev.  0.4 2.4 2.31 1.17 2.1 26.7 
n=36  
Avg. 
Reef 
flat 16.4 17.2 0.8 1.66 1.8 90 
St. Dev.  0.5 0.9 0.53 2.23 0.9 28.28 
n=13  
p=  <0.0001 <0.0001 <0.0001 0.021 0.042 <0.0001 
Table 7-2: Comparison of mineral and crust features by habitat. Bold indicates significant 
difference. 
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Figure 7-4: Results for XRD, crust thickness and endolithic coverage measurements. ★
indicates significant difference.  
As the thicker crusts have a greater proportion of total crust as perithallus relative to 
surficial epithallus, there is a potential that these results may be biased to showing the 
fore reef has dolomite simply because that data set has thicker crusts. To check for 
potential crust-thickness bias, the results for only the 1 mm fore reef CCA were 
compared to the reef flat 1 mm crust and comparative analyses were made. There 
remained a clear difference in the mineralogy with the thin CCA fore reef crusts having 
higher mol% MgCO3 and dolomite asymmetry than the reef flat CCA (Table 7-3) (Fig. 7-
5 A- C). The endolithic coverage in reef flat CCA (85.7%) was again higher than the fore 
reef (8.3%). However, there was no longer a significant difference for the aragonite 
content.  
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1 mm 
crusts 
Habitat 
Mol% 
MgCO3 
Asymm. 
mol% 
Asymm. 
difference 
Aragonite 
Weight % 
Endolith 
% 
Avg. 
Fore 
reef  17.0 18.6 1.6 1.3 8.3 
St. Dev  0.50 0.85 0.56 1.89 16.02 
n=6  
Avg. 
Reef 
flat 16.2 16.8 0.6 2.5 85.7 
St. Dev  0.47 0.93 0.57 2.65 37.80 
n=7  
p=  0.011 0.004 0.009 0.384 0.001 
Table 7-3: 1 mm thick crusts, comparison of mineral and crust features. Bold indicates 
statistically significant difference. 
 
Figure 7-5: Comparing results for reef flat and fore reef using only 1 mm thick samples. 
Legend as per figure 7-4. 
 
7.4.3 Discussion 
These results show there are fundamental physical differences between the reef-building 
fore reef CCA, and the non-reef building reef flat CCA. Fore reef crusts are thicker and 
despite our best efforts we could not find any crusts in the reef flat thicker than 3 mm 
whereas the fore reef CCA were up to 1 cm thick. It is probable that the fore reef CCA 
were even thicker than 1 cm; however there may be a sampling bias as the thicker crusts 
would be even more difficult to dislodge from the reef. CCA in the reef flat are nearly 
completely colonised by endolithic organisms, whereas the fore reef CCA had 
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comparatively small amounts of endoliths. The results from the XRD analyses show the 
fore reef CCA have higher mol% MgCO3 and all have asymmetry indicative of dolomite 
in the perithallus whereas none of the reef flat CCA have dolomite asymmetry. 
Interestingly, despite the differences by habitat for dolomite and average mol% MgCO3 
for the perithallus, the surface pink scrapings showed no difference in mol% MgCO3 by 
habitat. 
 
7.5 SEM results 
SEM was undertaken of representative reef flat samples to further understand the 
different properties of these CCA compared to the features documented in chapter 5 for 
the fore reef CCA. Imaging focused on the endolithic presence and the sites where 
dolomite was commonly found in the fore reef CCA; the cells, hypothallial growth and 
infilling conceptacles. The Mg-calcite cell wall structures were checked and found to be 
comparable to fore reef CCA. Features are discussed in each section along with the SEM 
images. Unless otherwise noted in the figure legends, the notations use are standard 
throughout; D – dolomite, Mg-C  - Mg-calcite, Mg – Magnesite, A – aragonite. 
 
7.5.1 Endolithic bioerosion 
SEM of the reef flat CCA with a predominantly green perithallus showed endolith 
borings throughout the majority of the crust (Fig. 7-6) whereas the fore reef CCA, which 
are predominantly white, have few visible borings. The boring in the reef flat samples 
originates from the base upwards indicating the endoliths generally penetrate from the 
coral substrate (Fig. 7-6). Micron-scale borers burrow holes through the crust leaving 
traces 10’s of microns wide.  
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Figure 7-6: Comparison of endolith colonisation in reef flat (HF40) and fore reef CCA 
(HF13). Top row, photos of CCA, green discolouration is from the endoliths. Bottom 
row: SEM-BSE of boxed area in photos. White box enlarged in Fig. 7-7 A. 
 
Intensive boring by Mastigocoleus sp has removed most of the calcium from patches of 
crust leaving magnesium composition approaching magnesite (Fig. 7-7 A). It cannot be 
determined from the EDS if the crystal structure is one of magnesite. A cut across a cell 
wall shows the boring creates a swiss-cheese-like fabric in the Mg-calcite (Fig. 7-7 B). 
These features are comparable to the features associated with calcium removal observed 
in the fore reef CCA and attributed to Mastigocoleus sp (Ch. 5). Alteration of the reef flat 
CCA crust seems to follow a similar process as for the fore reef CCA. The Mastigocoleus 
removes calcium from Mg-calcite, creating porosity and mobilising calcium. The area 
beneath this bacterial band has inter-filament and cell wall areas remineralised. Cell infill 
in the altered areas is by either aragonite or Mg-calcite but seems to favour aragonite. 
Alteration fabrics are explored further in the mechanical properties section.  
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Figure 7-7: Bioerosion in reef flat CCA. A. Prolific boring by Mastigocoleus in the base 
of reef flat CCA (HF40) has moved most the calcium from the patch of skeleton. Spot 
EDS shows the composition is approaching 100% magnesium. B. Calcium removal from 
Mg-calcite creates swiss-cheese like fabric in cell wall (HF44).  
7.5.2 Aragonite and Mg-rich minerals present 
Aragonite can be present in the CCA crusts as infill of conceptacles, infill of discrete 
cells and altered crust post-bacterial activity (Chapter 5). The extra aragonite measured 
by XRD for the reef flat CCA is probably a combination of aragonite infill of 
conceptacles and a higher proportion of bacterially altered crust. The reef flat CCA 
conceptacles are generally in-filled by aragonite (Fig. 7-8) whereas the fore reef have 
aragonite, dolomite and cell regrowth (section on conceptacles in chapter 5). 
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Figure 7-8: Overview of empty conceptacles and aragonite in-filled conceptacles in reef 
flat CCA (HF42). 
 
Aragonite and a magnesium-rich mineral (only Mg and no Ca) were present together in 
conceptacles and appear to form inter-changeably in fine crystal needles (Fig. 7-9 A, B). 
This needle morphology is similar to that found in the cells of fore reef samples identified 
by XRD analyses as having magnesite (Chapter 5) and is dissimilar to the unidentified 
(now identified as hydromagnesite) mineral proximal to wounded areas. Other 
conceptacles appear to be malformed with the skeletal carbonate dissolved and remnants 
of organic filaments present but without any tetraspore formation (Fig. 7-9 C, D). This 
organic filament substrate is coated with magnesium rich sub-micron platelets not seen 
elsewhere in either fore reef or reef flat CCA. 
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Figure 7-9: Conceptacles in reef flat CCA. A. In-filled with aragonite and a Mg-rich 
mineral, possibly magnesite. B. Close-up showing apparently the same crystal 
morphology for both aragonite and the Mg-rich mineral. C. Decalcified conceptacle with 
infill by unidentified Mg-mineral. D. Close-up of Mg-mineral platelets in the 
conceptacle. 
 
7.5.3 Dolomite absence 
The complete absence of dolomite asymmetry for the reef flat CCA was somewhat 
surprising considering how prevalent it was in the fore reef CCA. Initially it was 
considered this may be due to the crust thickness differences between the reef flat and 
fore reef, but the comparison using only 1 mm thick crusts disproved this hypothesis. 
SEM was undertaken to confirm the results of XRD and to help shed light on why the 
dolomite was absent. Particular attention was paid to the three locations where dolomite 
has usually been found; 1/ cell lining 2/ conceptacle dolomite infill and 3/ repair or 
settlement hypothallial growth.  
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7.5.3.1 Cell lining 
Cells in reef flat CCA (6 of 13 were examined by SEM) did not have dolomite lining 
(Fig. 7-10). Cell walls were radial Mg-calcite with banding, similar to those in the fore 
reef CCA (Fig. 7-10 A-C). Inter-filament Mg-calcite is present also with comparable 
morphology and crystal alignment. It appears that apart from the absence of dolomite 
lining, the crust formation process is the same as for the fore reef CCA. In areas proximal 
to boring activity some cells had Mg-calcite forming bands within the cell space (Fig. 7-
10 D).  
 
Figure 7-10: Cell wall and inter-filament features of reef flat CCA (HF42) A. Radial and 
inter-filament. B. Exposed Mg-calcite cell. C. No dolomite lining in cells. D. Mg-calcite 
infill in cell. 
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7.5.3.2 Conceptacles 
In the fore reef CCA, dolomite was common as conceptacle infill and as the primary cell 
walls of cell regrowth within conceptacles. No cell regrowth within conceptacles was 
found in reef flat CCA and conceptacles were either empty, in-filled with aragonite (Fig. 
7-8, 9), magnesite (Fig. 7-9 A) or an unidentified magnesium-rich material (Fig. 7-9 D).  
 
7.5.3.3 Hypothallial growth 
Generally the reef flat crust CCA examined by SEM had altered basal crust and did not 
have basal hypothallus growth present. One of the samples collected that was encrusting 
around a coral branch had hypothallial growth within the crust (Fig. 7-11).  
 
Figure 7-11: SEM overview of reef flat CCA with remnant coral interior. Numbered 
boxes are on areas of hypothallial growth and are enlarged in figures 7-12 to15.  
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Hypothallial cell growth within the crust did not have dolomite cell walls and did not 
appear to actually have calcified cell walls. Instead the hypothallial cells appeared to be 
enclosed only by the organic cell wall membrane (Fig. 7-12, 13) with angular Mg-calcite 
crystals within the mesh. There is no evidence of radial crystal structure as observed in 
perithallial cells and dolomite hypothallus cells. Inter-filament Mg-calcite forms between 
both the vertical and horisontal sides of the cells. Spot EDS measurements returned 
magnesium compositions of 10.2 – 17.2 mol% MgCO3 for the inter-filament indicating 
there was no undetected dolomite.  
 
This is the first time that uncalcified cell walls have been documented within a coralline 
alga excluding during decalcification for conceptacle formation or sloughing off surface 
epithallial cells (Pueschel et al., 2005). However, the difference was only detected after 
switching to very high-resolution imaging and early SEM work on these same samples at 
lower resolution did not reveal enough detail to note the absence of radial Mg-calcite. 
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Figure 7-12: Hypothallial cell growth within CCA (site 1, Fig. 7-11). A. There is no cell 
wall calcification. Instead, the inter-filament Mg-calcite forms the calcified structure. B. 
BSE overview of location. C. Mol% MgCO3 from spot EDS. D. Different image setting 
of A. Inter-filament parallel alignment is clear in both horizontal and vertical structures. 
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Figure 7-13: Hypothallial cells with inter-filament Mg-calcite and sporadic Mg-calcite in 
cell wall membrane (site 2, Fig. 7-11). A. Mg-calcite crystals in cell wall lining. B. Inter-
filament Mg-calcite and poorly organised Mg-calcite crystals in cell wall membrane.  
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Some cells have extra Mg-calcite mineralisation appearing to line the cell and nesting in 
an organic mesh (Fig. 7-13). These have poor radial alignment and no consistent crystal 
shape suggesting that this is either the beginnings of a deformed Mg-calcite cell wall, or 
abiotic nucleation of Mg-calcite in the cell wall organic material. Magnesium 
composition of the hypothallial cells was 12.5, 19.9 and 20 mol% MgCO3 (Fig. 7-14 A). 
There is a partial lining of some cells with what may be the cell wall membrane, which is 
poorly mineralised by fine Mg-calcite crystals (Fig. 7-14 A, B).  
 
 
Figure 7-14: Magnesium composition and partial cell lining in hypothallial cell growth, 
(site 2 Fig. 7-11). A. Spot EDS measurements of mol% MgCO3. B. Cell lining with Mg-
calcite crystals.  
 
Areas of hypothallial growth proximal to the coral skeleton and in the interior of the 
enclosing CCA crust have the unidentified Mg-rich mineral infilling hypothallial cells 
and proximal perithallial cells (Fig. 7-15). Similarly to the previously imaged hypothallial 
cells, there are no calcified cell walls but perithallial cells immediately adjacent have well 
defined radial Mg-calcite cell walls (Fig. 7-15). This suggests that the switch to radial cell 
walls is not a gradual process but rather associated with the type of cell growth as noted 
for the fore reef CCA in chapter 5. The possibility of selective bacterial degradation of 
the cell wall calcite in the hypothallial cells was considered, particularly given the 
elevated endolithic coverage in the reef flat CCA compared to the fore reef. There is no 
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visual evidence of endolith activity as this usually results in remineralisation to denser 
carbonate and commences in the inter-filament regions.  
 
 
Figure 7-15: Hypothallial growth within the CCA crust near the coral substrate (site 3, 
Fig. 7-11). A. Some cells are in-filled with the unidentified Mg-rich mineral (Mg). B. 
Abrupt transition from no calcified cell wall to well calcified radial Mg-calcite cell wall. 
C. Location overview in BSE showing common occurrence of unidentified Mg-rich 
mineral infill. 
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7.5.4 Summary of differences between reef flat and fore reef CCA 
From the perspective of structural reef formation, the key difference in crust properties 
between the reef flat and fore reef in the first instance is the crust thickness. All other 
properties being equal, the thicker the crust, the stronger the support and resistance to 
failure, as discussed in chapter 6. Fundamental to this study is identifying why the fore 
reef CCA can form thick crusts when the reef flat CCA cannot. Particularly, is there a 
specific property that is present/ absent in the reef flat CCA that under rising CO2 may 
also become present/ absent in the fore reef CCA, thus threatening structural reef 
development?  
 
The differences and similarities are summarised in table 7-4. From the XRD and SEM 
analyses there emerge two differences in crust formation between the fore reef and reef 
flat CCA. 1/ Fore reef CCA have higher average mol% MgCO3 and 2/ there is a complete 
absence of dolomite from reef flat CCA whereas it is abundant in fore reef CCA.  
Summary of differences Fore reef Reef flat 
Crust thickness Thick avg. 3.1 mm Thin 1.8 mm 
None thicker than 3 mm 
Dolomite Yes No  
Mg-calcite (perithallus)  17.2 mol% MgCO3 16.4 mol% MgCO3 
Hypothallial cells Dolomite cell wall No cell wall 
Endoliths Minimal Near 100% colonisation 
Conceptacle regrowth Yes No 
No Difference   
Mineral composition of 
pink surface 
15.7 mol% MgCO3 15.6 mol% MgCO3 
Radial cell wall Mg-calcite Yes Yes 
Inter-filament Mg-calcite 
parallel alignment 
Yes Yes 
Remineralisation at base Yes Yes 
Table 7-4: Summary of differences between fore reef and reef flat CCA, P. onkodes. 
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Post-formation, the two main differences are the higher level of endolith colonisation and 
higher aragonite quantities in the reef flat CCA. The aragonite is generally present as a 
greater proportion of conceptacles filled with aragonite and this would not be expected to 
change the crust formation capacity. However, although the apparent absence of regrowth 
within conceptacles does suggests there is a reduced capacity of the reef flat CCA to 
repair itself. Again this may be related to the inability to form dolomite. The higher 
endolith colonisation and associated crust destruction would logically lead to faster break 
up of the reef flat CCA crust by physical destruction as well as exposing a larger surface 
area for chemical dissolution (Morse et al., 2007; Santos et al., 2011; Kline et al., 2012).  
 
There are many features that are comparable for CCA from the two habitats, the surface 
mineral composition, bacterial alteration by Mastigocoleus, radial Mg-calcite cell wall 
with internal banding, inter-filament Mg-calcite features. These results suggest that 
growth and formation of epithallus and perithallus Mg-calcite cell wall and Mg-calcite 
inter-filament follows the same process for both sites. However, the formation of 
dolomite either as dolomite lining, conceptacle infill or hypothallial growth, appears 
completely inhibited in the reef flat CCA. The reason for the absence of dolomite in the 
reef flat is not clear at this time and was beyond the scope of this study to delve into in 
detail. The analysis presented in table 7.3 for crusts of only 1 mm thick from both reef 
flat and fore reef showed that dolomite was present in the fore reef thin crusts but not in 
crusts of equal thinness in the reef flat. This analysis demonstrates that it is not the 
thicker crusts of the fore-reef enabling the initial formation of dolomite.  The possibility 
of the high water energy of the reef front enabling dolomite formation was considered but 
is unlikely to have any influence as dolomite was also found in the crusts from the base 
of the slope, 9 metres, several metres below the high energy wave surge depth. Samples 
collected from other locations; Lizard Island (Ch. 8), Tewali PNG (Ch.5) have not been 
from the high-energy of the shallow reef and these all have dolomite lining similarly to 
seen at Heron.  However, the absence of dolomite is most likely related to differences in 
water conditions between the reef flat that is enclosed at low tide compared to the fore 
reef that faces the open ocean. Possibly the absence of dolomite is related to elevated 
nutrients in the reef flat, particularly nitrogen. As discussed in chapter 5, restricted 
 301 
nutrients, particularly nitrogen can increase the amount of polysaccharides within cells of 
green algae. In chapter 5 it is proposed that dolomite formation is dependent on a build 
up of polysaccharides within the cells. Although Heron Is. is a small sandy cay there is 
abundant vegetation and bird life (supplying phosphates) on the island that could lead to 
nutrient enrichment in the enclosed reef flat.  
 
7.6 Indentation results 
The results in chapter 6 for the mechanical properties showed a transition from soft Mg-
calcite surface crust to fracture resistance in the dolomite perithallus. The absence of 
dolomite in the reef flat CCA raises the first clue as to why reef flat-CCA do not have 
thick reef-building crusts, possibly the crust-scale mechanical properties, particularly 
fracture toughness, are different. Indentation was undertaken to test this hypothesis and 
compare the mechanical properties of reef flat CCA to fore reef CCA. 
 
7.6.1 Indentation of reef flat CCA  
The XRD and SEM results reveal significant differences in the crust physical and mineral 
properties of the crust between the reef-building fore reef CCA and non-reef building reef 
flat CCA. The next step is to check if these differences are in fact associated with 
differences in mechanical properties. Based on the results of the mechanical properties 
chapter it can be hypothesised that the reef flat CCA will have minimal fracture 
resistance in their Mg-calcite crust because of the absence of dolomite lining, and also the 
higher presence of boring endoliths. However, they may have fracture resistance in the 
remineralised crust. Overall, their net strength is likely to be less than the fore reef CCA 
because of the relative thinness of their crust.  
 
The approach taken was the same as for the fore reef; the samples were selected from a 
representative site, the reef flat beach site 2. The physical and mineral characteristics of 
the selected samples are summarised in table 7-5. The crusts were thinner than the fore 
reef and indents were made as arrays across representative bands. Samples were 
measured for hardness and elastic modulus using the Berkovich tip and loads of 30 mN 
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depending on the area. A load of 30 mN rather than 50 mN was used to miminise the 
surface area indented to improve the success rate of the indents as initial testing showed 
that without the dolomite infill there was a higher rate of crust collapse under the indent. 
As shown in chapter 4, there was no influence of load on measured hardness and elastic 
modulus for the load range 20 mN to 50 mN and thus results obtained at 30 mN are able 
to be directly compared to those for 50 mN obtained for the fore reef samples. The 
Berkovich tip was used for fracture toughness and loads applied ranged from 600 mN to 
10 N. The 1 mm spherical tip was used to test for maximum displacement trends using a 
10 N load.  
 
 
Sample 
 
HF42 HF43 HF44 
Collection depth 
metres 
Intertidal Intertidal Intertidal 
Mol% MgCO3 16.2 16.0 17.7 
Asymmetry mol% 17.3 16.6 18.0 
Asymm. difference 
% 
0.5 0.6 1.3 
Aragonite weight % 7.3 % 1.8 % 0 
Magnesite-by XRD No No No 
Crust thickness mm 1 1 1 
Endolith % cover 100 100 100 
Table 7-5: Details of representative samples from the reef flat used for nano indentation. 
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7.6.1.1 Hardness and elastic modulus results 
As discussed in chapter 2, the hardness of a sample is a measure of the materials 
resistance to permanent deformation. Elastic modulus is a measure of material stiffness, 
that is, the tendency of a material to deform elastically when force is applied. The higher 
the modulus the more the material rebounds after force is removed. Testing for hardness 
and elastic modulus found that there was no difference in the hardness between the three 
samples and average hardness was 3.41 GPa, (s.d. 0.81) (Fig. 7-16, Table 7-6). The 
modulus was more variable, HF42 (52.2 GPa, s.d. 9.0) and HF43 (55.3 GPa, s.d. 13.2) 
were not different, but HF44 (48.5 GPa, s.d. 7.2) was significantly lower than HF43 but 
not HF42. HF42 and HF43 were combined for further analytical comparisons, average 
53.8 GPa (s.d. 11.4) and HF44 remained significantly lower than this average.  
 
Figure 7-16: Hardness and modulus for reef flat CCA, 30 mN load. The red line is the 
average for all three samples for hardness and for HF42 and HF43 for modulus. Red star 
indicates significantly different from the average  
7.6.1.2 Comparison of reef flat and fore reef hardness and elastic modulus  
For this comparison ANOVA was carried out for the unaltered crusts of the reef flat and 
fore reef together and the altered crusts separately (Fig. 7-17) (Statistical summary of 
results table 7-6). In light of the mineral and physical differences, comparison of the reef 
flat hardness values to the fore reef CCA showed surprising similarity. The hardness 
(3.48 GPa, s.d. 0.74) for the two dolomite-rich CCA, HF12 and HF13 (combined) was 
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comparable to the reef flat average (3.41 GPa, s.d. 0.81). Hardness (2.86 GPa, s.d. 1.04) 
for HF14 and the Mg-calcite perithallus of HF13 (2.75 GPa, s.d. 0.58) were both 
significantly lower than the reef flat and combined HF12 / HF13. Modulus values were 
more variable and the combined HF12 / HF13 (60.0 GPa, s.d. 8.26) was not significantly 
higher than HF42 / 43 but was significantly higher HF14, HF44 as well as the Mg-calcite 
only crust portion of HF13.  
 
Of particular interest was whether the values for the alteration zone were comparable 
when considering that the reef flat CCA were Mg-calcite and aragonite whereas the fore 
reef CCA had Mg-calcite, dolomite and lesser amounts of aragonite. There was no 
difference between the three reef flat samples in alteration areas for either hardness or 
elastic modulus (ANOVA hardness F=0.449, p = 0.640, modulus F= 0.645, p= 0.527). 
These were combined and the average hardness was 4.16 GPa (s.d. 0.89) and modulus 
64.1 GPa (s.d. 8.72). There was no difference between the reef flat values and the HF13 
alteration (base only) hardness 3.89 GPa (s.d. 0.69) and modulus 64.8 GPa (s.d. 7.4). 
However the HF12 base alteration was significantly higher than both HF13 and the reef 
flat for both hardness (5.22 GPa, s.d. 0.66) and modulus (78.5 GPa, s.d. 5.4).  
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Figure 7-17: Summary of results for hardness and modulus, fore reef CCA and reef flat 
CCA. A. Statistical comparisons made separately for fresh CCA crust (fore reef and reef 
flat) and altered crust. Equals sign indicates no significant difference, all other data sets 
are significantly different. B. Red star indicates significant difference, all other data sets 
within the fresh CCA are not significantly different. 
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Hardness 
Fresh crust  Sample comparison  
F-value 6.98333 HSD (alpha=0.05) 0.52546 
p-value 0.00016 HSD (alpha=0.01) 0.64255 
  HF12, 13 vs HF14 P<0.05 
  HF12, 13 vs HF13 MgC 
HF12, 13 vs Reef flat 
P<0.01 
Non-significant   
  HF14 vs HF13 Mg-calcite Non-significant 
 HF14 vs Reef flat 
HF13 Mg-calcite vs Reef 
flat 
P<0.05 
P<0.01 
Altered crust   
F-value 13.5988 HSD (alpha=0.05) 0.53175 
p-value 0 HSD (alpha=0.01) 0.66469 
  HF12 Alt vs HF13 Alt P<0.01 
  HF12 Alt vs Reef flat Alt P<0.01 
  HF13 Alt vs Reef flat Alt Non-significant 
Elastic modulus           
Fresh crust Sample comparison  
F-value 12.31259 HSD (alpha=0.05) 6.67236 
p-value 0 HSD (alpha=0.01) 8.01705 
  
HF12, 13 vs HF14 P<0.01 
  
HF12, 13 vs HF13 Mg-
calcite 
P<0.01 
  
HF12, 13 vs HF42, 43 Non-significant 
  
HF12, 13 vs HF44 P<0.01 
  
HF14 vs HF13 Mg-calcite Non-significant 
  
HF14 vs HF42, 43 Non-significant 
  
HF14 vs HF44 Non-significant 
  
HF13 Mg-calcite vs HF42, 
43 
Non-significant 
 
HF13 Mg-calcite vs HF44 
HF42, 43 vs HF44 
Non-significant 
Non-significant 
Altered crust 
 
 
F-value 20.47734 HSD (alpha=0.05) 5.22077 
p-value 0 HSD (alpha=0.01) 6.52596 
  
HF12 Alt vs HF13 Alt P<0.01 
  
HF12 Alt vs Reef flat Alt P<0.01 
  
HF13 Alt vs Reef flat Alt Non-significant 
Table 7-6: Summary ANOVA and test for honest significant difference (HSD) and T-test 
results comparing Fore reef to Reef flat CCA for hardness (top) and elastic modulus 
(bottom). 
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7.6.2 Fracture toughness of reef flat CCA 
Fracture indentation was made initially in one representative sample (HF43) (Fig. 7-18) 
and then transects in the other two (HF42, HF44).  
 
Figure 7-18: Indent sites in reef flat HF43. 50 mN grids for hardness and modulus are 
made within the black square areas.  Fn is the fracture number.  The black lines and 
patches in the top half of the sample are holes and tunnels from micro-boring activity. 
Cells empty of mineral infill show up as black.  The top half is darker because of the lack 
of cell infill whereas the base half of the sample is lighter grey because there is cell infill 
by Mg-calcite and aragonite. 
 
To fully characterise and understand the distribution of mechanical properties across the 
crust, high-density fracture indentation was undertaken, similarly to the first sample 
indented in chapter 6.  Fracture loads ranged from 600 mN up to 10 N.  Although loads of 
10 N were selected, the maximum load reach did not go about 8.9 N.  
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7.6.2.1 Fracture toughness reef flat CCA HF43 
In general, indents into the Mg-calcite layers of the reef flat CCA showed a comparable 
response as for the Mg-calcite layers in the fore reef CCA (Fig. 7-19). Crust was 
compressed under the indent with the cell walls collapsing into the cell spaces and there 
were no cracks propagating from the indent corners.  
 
 
Figure 7-19: Results for 5 N indents into Mg-calcite perithallus of reef flat CCA HF43. 
A. Fracture 1. B. Fracture 2. Both fractures 1 and 2 do not have cracks propagating from 
indent corners. Crust compresses under load.  
 
In contrast, similarly to the altered crust in the fore reef CCA HF12, fracture indents into 
the altered crust of the reef flat CCA did exhibit fracture resistance with cracks 
propagating from the corners (Fig. 7-20) and fracture toughness of 1.72 to 2.34 MPa m1/2. 
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Figure 7-20: 5 N fracture indents in altered perithallus, HF43. A. Fracture 4. B. Fracture 
5. C. Fracture 6.  
 
Fractures in the base 300 microns of the reef flat CCA (F7 and F8) had the least 
displacement of all the 5 N indents, suggesting a greater resistance to fracture (Fig. 7-21). 
The two indents had fractures from only two corners and the maximum displacement was 
~1.5 to 2 microns less than the fractures in the altered crust above. Considering the 
shallower displacement indicating the properties here were different than the altered crust 
above, the formula for fracture toughness using the average for three cracks was applied. 
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This resulted in a higher calculated fracture toughness value than using only the two for 
averaging (3.24 and 3.25 compared to 2.08 and 2.18 MPa m1/2 respectively). The lower 
values would put the fracture toughness in the same range as calculated for F4 and F5, 
although F7 and F8 have substantially lower maximum depth (and consequently higher 
hardness). The absence of cracks from every corner suggests that the material is extra 
tough and requires even higher loads to induce cracks.  
 
 
Figure 7-21: 5 N fracture indents at base edge, HF43. A. Fracture 8. B. Fracture 7. C. Cell 
space acts to prevent crack propagation.  
 
This problem for fracture toughness calculation was encountered for other indents. The 
decision of whether to use two or three for averaging was made considering the 
maximum displacement relative to other indents of the same load. Where the 
displacement was less, indicating the material was harder, then the average of three was 
used. Where the displacement was comparable to other fracture indents and the length of 
the cracks similar then only two were used to average.  
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There were regions within the Mg-calcite crust that did exhibit fracture resistance (Fig. 7-
22). Investigation of these areas showed that this could be due to localised 
remineralisation within the crust, perhaps due to exposure to seawater by proximal 
boring. For example, a 600 mN indent, 570 microns below the surface had fracture 
resistance even though it was at the same horizontal level as the 5 N Fractures 1-3 which 
did not exhibit fracture resistance. Cell infill by Mg-calcite in proximal cells (Fig. 7-22) 
indicates a secondary infill process that may be due to seawater penetration allowing 
mineral precipitation in pores.  
 
 
Figure 7-22: 600 mN fracture 1 A. Cracks propagate from each corner. B. Adjacent cell 
with Mg-calcite infill.  
 
The fracture resistance of the first 600 mN indent in the Mg-calcite crust indicates that 
there can be localised conditions that enable fracture resistance. A grid of 30 mN indents 
adjacent to fracture 1 had bi-modal results for both hardness and modulus (Fig. 7-24). Of 
the 20 indents, 6 had non-defective load / unload curves and these split into two groups, 
H range 4.1 – 4.2 GPa, E range 56 – 59 GPa (n=3) and those with lower hardness and 
modulus, H range 2.5 – 2.6 GPa, E range 38 – 46 GPa (n=3). SEM of each indent (Fig. 7-
23 A-C) showed that the lower value indents had small fractures and proximal skeleton 
collapse.  
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Figure 7-23: 30 mN indents with unbroken load / unload curves adjacent to 600 mN 
fracture 1. A-C. Indents with low hardness and elastic modulus values and fracturing or 
cell wall rupture. D-F. Indents with higher hardness and modulus values.  
 
Considering the work carried out in the methods chapter to establish that non-defective 
smooth load curves were indicative of indents without skeletal collapse, it was surprising 
that the curves were still smooth on loading even though the skeleton underneath had 
yielded. The higher value hardness and elastic modulus indents had no associated skeletal 
collapse and this may have been due to the presence of the Mg-calcite cell infill 
providing extra support (Fig. 7-23 D-F). The range of hardness for the higher values is 
comparable to the results for the altered base crust of this crust but the modulus is lower 
(next section, H=4.1 GPa, s.d. 0.9, E=66.8 GPa, s.d. 8.6).  
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Another 600 mN indent 100 microns below the fracture-resistant indent described above 
was compressive and did not have fracture resistance (Fig. 7-24). This indicates that the 
alteration was quite localised. A grid of 30 mN indents for hardness and modulus in same 
area had only 3 non-defective indents (of 20). The hardness range of values was higher 
than for the HF43 mid crust (3.7-4 GPa compared to 3.43 GPa) but the modulus was 
slightly lower (50-51 GPa compared to 55.3 GPa). Due to the low sample number, no 
statistical comparison was made. 
 
 
Figure 7-24: 600 mN fractures with no fracture resistance. A. Compressive, cell walls 
collapse. B. Overview with grid indent site for hardness and modulus adjacent.  
 
Lower load fracture indents of 600 mN in the altered base exhibited fracture resistance 
with cracks propagating from at least two of the 3 corners (Fig. 7-25). The grid of indents 
for alteration hardness and elastic modulus values reported in the previous section (Fig. 
7-17, Table 7-6) was made adjacent to these fracture indents (Fig. 7-25 A). 
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Figure 7-25: 600 mN fracture indents in altered base area. A. Overview and location of 
indent grid in the base altered area. B. Cracks propagated from two corners.  
 
Summary 
At a crust scale, the fracture resistant response in reef flat CCA HF43 was restricted to 
areas of alteration, predominantly at the base of the crust (Fig. 7-26). The typical Mg-
calcite crust compressed under the indent, with cell walls collapsing into cell spaces.  
 
 
 
Figure 7-26: Map of fracture resistance in P. onkodes HF43, reef flat. Crust types 
following categories in Chapter 5. 
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7.6.2.2 Fracture toughness of reef flat CCA HF42 and HF44 
The fracture properties of the other two reef flat samples HF42 and HF44 were 
comparable to those mapped out for HF43, although HF42 had small fracture resistant 
areas of apparently unaltered Mg-calcite crust. The HF42 Mg-calcite cell wall and inter-
filament structures were comparable to those elsewhere in the crust but noticeably these 
areas had minimal endolithic boring. Crack deflection in the Mg-calcite crust followed 
similar patterns to those observed in the dolomite Mg-calcite crust of the fore reef CCA 
(Figs. 7-27, 28) with cracks following pre-existing micro-cracks and deflecting along 
those paths.  
 
 
Figure 7-27: Crack deflection in HF42. Energy dissipates by following the path of pre-
existing micro-cracks between the cell wall and inter-filament and between the radial 
crystals of the adjacent cell wall.  
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Figure 7-28: Crack deflection off a 600 mN indent in the altered base of HF44. 
 
Fracture resistance can also be influenced by local bioerosion removing carbonate 
substrate and weakening the crust leading to total collapse of skeleton under the fracture 
load (Fig. 7-29). A fracture indent made into the transition between the remineralised 
base and the highly bored Mg-calcite crust collapsed the skeleton whereas an indent with 
the same load immediately below in the fully remineralised area had fracture resistance.  
 
Average values for fracture toughness for reef flat CCA ranged from 1.5 to 1.76 MPa 
m1/2 (Table 7-7).  There was no significant difference between samples. 
Sample Number 
Alt’d base  
KIc MPa m1/2 
HF42 12 1.50 
HF43 10 1.78 
HF44 5 1.76 
p= 0.33 
  
F=1.15 
  
Table 7-7: Average fracture toughness values for altered crust section in reef flat CCA 
and ANOVA results.  
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Figure 7-29: 5 N indents into HF44. A. Overview. B. 5 N indent in bored area collapses 
crust, whereas in the remineralised crust it is resistant to fracture. 
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7.6.2.3 Indentation of coral under reef flat CCA HF42 
Similarly to the results for the fore reef coral substrate, the coral enclosed by HF42 has 
significantly lower hardness and modulus compared to the fresh coral (p <0.0001), (Table 
7-8). The change in fracture properties are not as clear as for the fore reef CCA HF14, 
with two of the three indents having ~50% higher fracture toughness and the third, 
reduced. Within the CCA-corals, HF42 coral had significantly higher hardness than HF 
14 (p <0.001) but there was no difference in modulus.   
 
Fracture toughness values for corals 
HF14 Fore Reef- coral 
substrate, individual 
measurements 
MPa m1/2 
HF42 –reef flat- coral 
substrate- individual 
measurements 
MPa m1/2 
Fresh coral (Chapter 4) 
Average 
 
MPa m1/2 
1.40 0.33 0.52 (s.d. 0.06) 
1.90 1.33  
1.18 1.06  
0.83   
Hardness and Elastic modulus 
N= 69 
H= 5.05 (s.d. 0.64) 
E= 76.5 (s.d. 11.96) 
 
N= 15 
H= 5.85 (s.d. 0.74) 
E=77.7 (s.d. 8.9) 
N= 47 
H=6.35 (s.d. 0.44) 
E=88.05 (s.d. 3.74) 
Table 7-8: Fracture toughness, hardness and elastic modulus for corals under CCA and 
fresh coral.  
 
Overall the regions of fracture resistant crust were comparable between all reef flat 
samples and were largely restricted to the base altered areas (Fig. 7-30). The fracture-
resistant coral in HF42 resulted in the central region all being fracture resistant. However 
the large pores within the coral would reduce the overall strength of the macro-structure. 
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Figure 7-30: Map of fracture properties for reef flat P. onkodes HF42 and HF44. Interior 
of HF42 is coral. 
 
Comparison of the maximum displacement for the 10 N 1 mm spherical indents showed a 
range of values for the reef flat and is compared to the fore reef CCA (Fig. 7-31). The 
highest displacement was for the surficial Mg-calcite crust of the fore reef CCA, then the 
reef flat and HF14 CCA. The lowest displacement was for the HF12 CCA that also had 
the highest fracture toughness values. These results suggest that the 1 mm tip / 10 N load 
method potentially may be utilised as a proxy for comparison of relative changes in 
fracture properties enabling analyses of larger data sets without the need to image every 
indent. The drawback is that making enough indents for statistical comparison may be 
problematic in smaller samples such as HF44, particularly if the material is soft and the 
contact area large. This became a problem when attempting an array of indents for 
hardness and elastic modulus after the 1 mm indents as much of the area of interest was 
compressed by the 1 mm indentation. 
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Figure 7-31: Maximum displacement for1 mm spherical indents at 10 N load. There were 
only three data points for HF43 and two for HF14 Mg-calcite only crust. 
 
 
7.7 Discussion of mechanical properties 
The fracture results suggest that the fracture resistant properties of each mineral 
assemblage in the CCA from the reef flat and fore reef are comparable. The main 
difference is that the perithallus-dolomite crust is absent from the reef flat CCA. It is this 
crust type that confers the extra strength in the fore reef CCA by increasing the thickness 
of the crust that is resistant to fracture. It is interesting that for corals under both the reef 
flat and fore reef CCA, the hardness and elastic modulus is less than the fresh coral but 
that the fracture toughness increased. This indicates changes in hardness and modulus 
values by themselves may not provide physically meaningful information as, intuitively, 
lower hardness suggests that skeleton will be weaker but the fracture toughness 
demonstrates that the resistance to fracture has increased post-enclosure. Using the 
fracture maps presented in chapter 6, the crust properties of reef flat CCA are compared 
to fore reef CCA (Fig. 7-32).  
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Figure 7-32: Comparison of fracture resistant areas of fore reef CCA to reef flat CCA. All 
samples are scaled to the 1 mm scale bar- horizontal and vertical. 
 
The remineralisation of the bacterially altered basal crust provides fracture resistance for 
the reef flat CCA where otherwise there would be none. The similarity of hardness values 
between the reef flat and fore reef CCA is in contrast to the difference in fracture 
resistance. This suggests that focusing on measuring changes in hardness to detect 
changes from ocean acidification induced affects as is done for serpulids and mussels  
(e.g. Li et al. 2014, Fitzer et al. 2014) may not provide the information on the properties 
most relevant to retaining the reef-building properties of the CCA. More likely, fracture 
toughness will provide the most physically meaningful information in relation to 
structural reef-building capacity. 
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7.8 Model of cementation for reef flat CCA 
The model presented in Chapter 6, figure 6-39, for fore reef cementation and fracture 
properties is adapted here for the reef flat CCA (Fig. 7-33). The absence of dolomite in 
the mid crust reduces the area of fracture resistance. High density of macro-endolithic 
borers above the bacterial zone creates porosity in the crust. The only cementation 
process is that enabled by the remineralisation of the bacterially altered base crust. The 
overall thickness of fracture resistant crust within the reef flat CCA is less than that for 
the fore reef CCA. Consequently, the propensity for these crusts to collapse under load 
(e.g. parrotfish bite) is higher than the fore reef CCA. 
 
Figure 7-33: A model of cementation processes by reef flat CCA combining crust 
features and measured mechanical properties. The absence of dolomite lining renders the 
perithallus Mg-calcite crust not resistant to fracture. Remineralisation of the base crust 
provides fracture resistance.  
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7.9 Consideration of mechanical properties in context of 3 main 
destructive forces on the reef 
7.9.1 Bacterial 
Bacterial erosion by Mastigocoleus sp is present in both habitats. Where the bacterial 
activity results in remineralisation of the original crust to a fracture resistant crust, the 
bacterial activity is constructive and the crust thickness is retained. For the reef flat CCA, 
this remineralisation creates a layer at their base that is fracture resistant and less porous 
than the original crust. The fracture resistance does not appear to be dependent on the 
mineral composition with both the Mg-calcite / aragonite and Mg-calcite / dolomite 
altered crusts possessing fracture resistance. Possibly for the reef flat CCA, it is this 
altered layer with its lower porosity and fracture resistance that enables remineralisation 
of the coral substrate to a more fracture resistant aragonite than the original aragonite. 
Rather than a destructive process as is usually associated with bacterial erosion, this 
particular bacterial erosion process enabling remineralisation can be constructive.  
 
7.9.2 Physical 
Crust thickness  
The crusts on the fore reef are thicker and have a relatively larger proportion of their crust 
as fracture-resistant substrate when compared to the reef flat CCA. This results in an 
overall increase in structure strength because of the thickening of their crust. These 
thicker fracture resistance crusts are more able to withstand breaking under the high 
energy of the wave break zone at the reef front than the thinner crusts. This is due simply 
to the mathematics determining that ultimate strength increases as thickness (cross 
sectional area under load as per chapter 6) increases.  
 
The fracture resistance crust in the fore reef CCA commences below the pink pigmented 
layers, approximately ~300-500 microns beneath the surface. Noting that the average 
parrotfish bite is 288 microns deep into the CCA crust (Steneck, 1983, p 51) this suggests 
that the fracture resistance of the underlying dolomite perithallus may limit parrotfish bite 
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depth into P. onkodes. These results suggest that fracture resistance conferred by 
dolomite together with the increased strength due to crust thickness, is a controlling 
factor enabling the thick crust development on the fore reef. Furthermore, CCA within 
the reef flat have higher levels of bioerosion by endolithic borers that has not resulted in 
remineralisation, thereby creating porosity. Porosity and strength have a strong negative 
correlation in corals (Chamberlain, 1978; Schuhmacher and Plewka, 1981) and 
presumably this same function applies to the CCA which would lead to further 
susceptibility of the reef flat CCA to physical breakup whether by parrotfish or shallow 
biters such as chitons (Steneck, 1983).  
 
7.9.3 Chemical 
Before making predications about changes in dissolution rates of CCA as CO2 rises, it is 
first necessary to understand the process of dissolution and associated physical breakup 
of exposed crust. Dissolution rates of skeletal CCA with varied amounts of dolomite were 
compared and the exposed CCA bases from the reef environment examined to understand 
the natural dissolution and break up process. An etching experiment was undertaken to 
determine the order of dissolution of the three main minerals present, Mg-calcite cell 
wall, Mg-calcite inter-filament and dolomite lining.  
 
7.9.3.1 Dissolution experiment 
For the dissolution experiment, chips of ~1 cm3 from four CCA dried crusts (collected 
living and sun and oven dried) were broken into multiple pieces, weighed and randomly 
allocated to aquarium tanks. Further details on the aquarium facility and experimental 
methods are in Nash et al., (2013a). In brief, the seawater was sourced from the heron 
reef flat with a natural diurnal variation of pH 7.69 to 8.44. The CCA chips were in the 
tanks for 10 days, then dried and re-weighed. A parallel test was carried out in CO2 
enriched treatments, and those results are reported in the next chapter on CO2 effects.  
 
Note- this dissolution experiment was carried out before the Heron survey was 
undertaken and also before the presence of dolomite was discovered. The CCA pieces 
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were collected from 3-5 metres depth on the north reef front of Heron Island reef. XRD 
analyses after the experiment revealed that there was a range of mineral compositions 
present from dolomite-rich to dolomite- poor (full discussion of classification in Nash et 
al., 2013a). This range of mineral compositions enabled analysis of the influence of 
dolomite presence. In light of the survey results, ideally this experiment would be 
repeated including CCA from the reef flat but that was beyond the time frame of this 
study. 
 
7.9.3.2 Results of the dissolution experiment 
CCA classified as dolomite-poor (dolomite asymmetry <24 mol% MgCO3) lost an 
average of 1.89 weight% (s.d. 0.28%, n=9) over 10 days compared to only 0.17 weight% 
(s.d. 0.13%, n=4) for the dolomite-rich CCA (dolomite asymmetry > 24 mol% MgCO3). 
This was significantly different (p <0.001) (Fig. 7-34). This trend for lower dissolution 
with higher dolomite content was also observed over a 5-day period for a flow-through 
experiment conducted in the Heron Island reef flat (Kline et al., 2012). 
 
 326 
 
Figure 7-34: Weight loss results for CCA skeleton comparison of dolomite-rich to 
dolomite-poor CCA. 
SEM comparison of the exposed bases of a dolomite-rich and a dolomite-poor piece 
showed the natural dissolution processes taking place and the differences between the 
two types (Fig. 7-35). The dolomite-rich CCA retains the dolomite lining at the base and 
cells are in-filled with Mg-calcite making the exposed base dense with mineral infill. By 
contrast, dolomite-poor CCA have minor cell infill by Mg-calcite but the cells are 
predominantly empty. This is reflected in the difference in porosity between the two 
types. 
 327 
 
Figure 7-35: Comparison of exposed edges. A. Dolomite-rich CCA, dolomite rims are 
retained (white arrows) XRD pattern inset showing separate dolomite peak for subsample 
scraped from adjacent base. B. Dolomite-poor base, cells are either empty or have minor 
Mg-calcite infill. 
 
An assessment of porosity across the base 100 microns using a point count method 
showed that porosity in the dolomite-poor CCA was 65%, ten times higher than the 6% 
for the dolomite-rich CCA. The extra porosity in the dolomite-poor CCA compared to the 
dolomite-rich CCA was a similar order of magnitude higher than the dissolution rates of 
dolomite-poor CCA compared to the dolomite-rich CCA. This accords with work 
showing dissolution rates increase with porosity and permeability of the carbonate 
(Henrich and Wefer, 1986). Looking at the dolomite-rich CCA in 3 –dimension, the inter-
filament Mg-calcite and cell wall has dissolved away leaving the dolomite lining cast of 
the cell intact and appearing ready to drop out of the crust intact (Fig. 7-36). This 
dissolution of Mg-calcite is probably a combination of chemical dissolution and 
mobilisation by bacteria. 
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Figure 7-36: Dissolution and physical break-up process at exposed edge of coral. A. 
Dolomite lining forms a cast of the cell interior. Mg-calcite has dissolved from around 
the dolomite cell-cast. B. SEM image location. Crust collected from windward intertidal 
reef crest.  
 
An etching experiment was undertaken to further understand the chemical dissolution 
process. A dolomite-rich CCA and dolomite-poor CCA were embedded in resin, polished 
and imaged in SEM. Both pieces were then put in pH 8 seawater for one hour then re-
imaged. After 1 hour inter-filament Mg-calcite had started to dissolve out, but the cell 
wall and dolomite lining both appeared intact (Fig. 7-37 A-C). The CCA were then 
placed in seawater pH 7.7 – 7.8 for four hours and re-imaged. After four hours in the low 
pH seawater, the cell wall Mg-calcite had also started to dissolve and again there 
appeared to be no dissolution of the dolomite cell lining (Fig. 7-37 D-E). The sequence of 
inter-filament Mg-calcite dissolving first and then cell wall Mg-calcite was also observed 
in the dolomite-poor sample (image not shown). The etching treatment and SEM 
observations confirmed that inter-filament Mg-calcite dissolves first, followed by cell 
wall Mg-calcite. Dolomite cell lining shows no evidence of dissolution at these pH levels.  
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Figure 7-37: Progressive etching experiment of dolomite-rich CCA. A and B. Back 
scattered electron image of polished dolomite-rich CCA section prior to etching. Light 
grey-white – Mg-calcite, grey- dolomite, dark grey to black-void. B is A etched for 1 hr, 
pH 8. Mg-calcite has dissolved and exposed the dolomite cell fusion between 2-3 and 2-
4. C. Secondary electron image of B, cell wall Mg-calcite is prominent around the edges 
of dolomite rims and inter-filament Mg-calcite is depleted. Crack in dolomite at 2 caused 
by EDS beam damage. E is D etched 6 hours pH 7.7-7.8. Mg-calcite has preferentially 
dissolved leaving dolomite lining cell casts in relief. F. Secondary electron image 
enlargement of E, showing that inter-filament Mg-calcite was removed. Cell wall Mg-
calcite (Mg-Ccw) crystals appear to be attached perpendicular to the dolomite lining 
underneath. Dolomite crystals on the exterior of the cell lining are nano-scale.  
 
7.9.3.3 Discussion of dissolution results 
The rapid dissolution response of firstly the inter-filament Mg-calcite and then the cell 
wall Mg-calcite in conditions that are representative of the natural environment indicates 
how sensitive the Mg-calcite is where directly exposed to ambient seawater. The 
preferential dissolution of the lower Mg-content interfilament is not in agreement with 
prevailing theories that lower Mg-calcites are more stable than higher Mg-calcites 
(Andersson et al., 2008). Most likely, this early dissolution of the interfilament is due to 
the absence of any protection provided by organic membranes that are present in the cell 
walls. Furthermore, the inter-filament crystals are randomly orientated and therefore 
likely more loosely packed which would expose a greater surface area for dissolution. 
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Generally, the CCA crusts are protected from direct contact with seawater by the surficial 
living layers. It is only where the crust is exposed by physical damage, bioerosion or at 
the base that these rapid dissolution responses will likely occur. 
 
The difference in the weight loss in the dissolution tests show that the presence of 
dolomite significantly and substantially reduces dissolution rates and this is probably a 
combination of reduced porosity and the resistance of the dolomite to dissolution. 
Considering these results in the context of the reef survey, suggests that these differences 
in dissolution response would also contribute to the persistence of the dolomite CCA on 
the fore reef compared to the Mg-calcite only CCA in the reef flat.  
 
7.10 Global distribution of CCA with dolomite 
Dolomite is clearly playing an important role in enabling preservation of thick crusts 
from the Heron Island reef. To check how common dolomite is in other reefs, CCA were 
analysed from a range of locations; Lizard Island (Northern Great Barrier Reef), Okinawa 
(Northern Pacific) and the Caribbean. CCA in coral cores (age 290- 2670 years old) from 
Rodrigues (Indian Ocean) (Rees et al., 2005) were also analysed. Dolomite-rich samples 
were found in all these locations (data table in Nash et al., 2013a, Supplementary 
information) indicating that dolomite is common in tropical reef CCA P. onkodes. 
 
Previous studies that recorded bulk magnesium measurements higher than 18 mol% 
MgCO3 or XRD asymmetry (for example, Chave, 1954; Milliman et al., 1971; Clarke 
and Wheeler, 1922) were examined to determine whether CCA in those studies may have 
had the type of dolomite mineralisation detailed here. Every one of the six coral reefs in 
those studies had algal-ridge-building CCA with bulk magnesium amounts or XRD 
profiles that matched the assessment for dolomite-rich, five of these with magnesite, 
(Nash et al., 2013a, Supplementary Tables S 6a-d and Fig. S17) and included multiple 
species. By combining these published reports with the sample analyses, it can be 
demonstrated that dolomite-rich CCA are present in the tropical Indian, Atlantic, North 
and South Pacific oceans (Nash et al., 2013a, SI Map 1). 
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7.11 Model of CCA structural reef building- bringing it all together 
The analyses made thus far show that for CCA to transition from being simply present, to 
forming the thick crusts found in the shallows of the high-energy reef front, and to enable 
structural reef development via cementation, a combination of processes and properties 
must exist (Fig. 7-38). Firstly, the CCA must survive long enough to build a thick crust. 
To achieve this, growth must out-pace chemical, physical and endolithic (generally 
bacterial but may be sponges and fungi) destructive forces. Then, to enable cementation 
and structural reef building, the CCA must form a fracture resistant, dense rind over the 
coral surface that creates a semi-closed environment promoting re-precipitation of 
carbonate and calcium released during post-mortem bioerosion of the coral.  
 
 
Figure 7-38: Model of CCA reef building. 
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A combination of properties must be present initially to counter the destructive forces 
present during the growth phase. It appears that dolomite lining of the cells is a necessity 
for the crust to persist long enough to build a thick crust. This is because the dolomite 
lining provides fracture resistance to an otherwise soft crust, substantially slows the net 
chemical dissolution rates and is not bored by the Mastigocoleus sp bacteria. The reef flat 
CCA are at a disadvantage to the fore reef CCA when it comes to chemical dissolution as 
the overnight pH in the lagoon drops to levels that cause carbonate dissolution (e.g. Kline 
et al., 2012) whereas the open ocean water washing over the fore reef has a relatively 
stable pH. According to theory (e.g. Andersson et al., 2008), the lower Mg content of the 
Mg-calcite for the reef flat CCA compared to the fore reef CCA should increase their 
resistance to dissolution. However, this theory has not been experimentally tested for 
CCA (excluding the contribution of dolomite) and the etching experiment showed the 
lower Mg-phases dissolved first, although this may be due to the higher-Mg cell walls 
having more organic material. This lower pH in the lagoon, together with the higher 
levels of endolithic boring and absence of dolomite lining both leading to higher porosity 
and associated larger surface area for dissolution, could well be the main factor 
preventing thick crust development in the reef flat. Simply, the reef flat CCA do not have 
the properties that the fore reef CCA possess to counter the destructive forces on the reef.  
 
To ensure structural reef development and persistence, the dead CCA must continue 
resisting the destructive forces post-mortem and thereby allow a build up of skeletal 
material. The ability to resist break up once the organism is no longer living is provided 
by the remineralisation associated with bacterial alteration at the base of the CCA crust 
and remineralisation of enclosed coral. 
 
7.12 Summary 
The objectives of this chapter were achieved and the physical properties enabling 
development of thick reef-building CCA crusts were identified. From this survey, the 
importance of dolomite for development of thick crusts, and consequently, structural reef 
development, has been uncovered. Dolomite is absent from reef flat P. onkodes but 
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prevalent in fore reef P. onkodes. Reef flat CCA are all thin, less than 3mm, whereas fore 
reef CCA are significantly thicker, up to 1 cm. Testing the mechanical properties shows 
how reef flat CCA do not have fracture resistant crusts, except for areas that have 
undergone secondary remineralisation. The presence of dolomite substantially slows 
chemical dissolution rates of exposed crusts. These results support the conclusions drawn 
in chapter 6, that dolomite and the associated fracture toughness, is a key reef-building 
property. 
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8 Ocean acidification effect on CCA reef cementation  
This chapter addresses aim 6 - Effect of CO2 on reef building properties of CCA, by 
pursuing the following specific objectives: 
1. Compare dissolution rates for CCA under elevated CO2 conditions 
2. Analyse mineral composition and mechanical properties of CCA from 3-6 month 
CO2 growth experiments. 
3. Analyse mineral composition and bacterial activity in CCA from 8 week CO2 
growth experiment. 
4. Analyse mineral composition, bacterial activity and mechanical properties of 
CCA from a field survey at a natural CO2 gradient in Papua New Guinea. 
5. Use results from objectives 1-4 to adapt models for CCA reef-cementation to 
incorporate affects of CO2 on reef-building properties of CCA. 
 
Further to these specific objectives, first presented are the impacts of increasing CO2 on 
the dissolution rates of CCA skeleton. Dissolution rates are higher in the CO2 enriched 
treatment. Second, are the results for CCA grown in enriched CO2 conditions. The CCA 
show no change in the magnesium composition of their Mg-calcite. SEM examination of 
the CCA from this second experiment showed that across all treatments there was a 
change in the skeletal growth of the CCA when transplanted into the onshore 
experimental aquaria. This change prevented reliable determination of mechanical 
properties. The third experiment shows the damage to the CCA crust caused by the 
increased activity of the Mastigocoleus bacteria under a combination of elevated CO2 and 
temperature. Finally, CCA collected along a natural CO2 gradient at Papua New Guinea 
corroborated the results from the second and third experiments. An aragonite calcifying 
alga from PNG, Polystrata Heydrich, exhibits crust properties and fracture toughness 
similar to CCA. These results and those of previous chapters are combined to present a 
model for the affect of OA on cementation processes of CCA. 
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8.1 Introduction 
There have been no specific studies to determine how the reef binding and cementation 
processes of tropical CCA will be affected by higher CO2. Experiments to date on 
tropical CCA grown in CO2 enriched or pH depressed treatments have measured changes 
in weight and photosynthetic activity (Borowitzka, 1981; Anthony et al., 2008; Comeau 
et al., 2014; Johnson et al., 2014), decreased settlement rates (Kuffner et al., 2007) and 
changes in larvae settlement on the CCA (Doropoulous et al., 2012, 2013). All the 
experimental CCA suffered decreased net weight gain in higher CO2 treatments, but this 
was a combination of both growth and dissolution and the effects have not been 
separated. The decreased settlement is concerning as the ability to rapidly settle new 
substrates is a key reef building process (Rasser and Reigl, 2002). 
 
Impacts on crust structure have been studied for temperate CCA and found a range of 
changes. Over the short term (3-months) there can be a reduction in structural integrity of 
CCA skeletons but acclimatisation occurs over longer periods and no change was found 
after 10 months (Ragazolla et al., 2012, 2103). Short-term growth experiments found that 
the cell walls continued to calcify normally but the space between the cells (inter and 
intra filament) suffered a decrease in calcification (Hofmann et al., 2012). CCA spores 
showed disruption to post-settlement calcification in CO2 enriched treatments (Bradassi 
et al., 2013). Finite element modeling has shown that a projected increase in CCA cell 
size under higher CO2 results in reduced modeled structural integrity (Melbourne et al., 
2015). A field study in an area with a documented decrease in regional pH, compared 
CCA grown over a 2 year period compared to the same study carried out 15-30 years 
prior and found reduced skeletal thickness of thick crusts and thinner inter-filament cell 
walls of faster growing thin crusts (McCoy and Ragazzola, 2014).  
 
It has been proposed that CCA will be one of the most susceptible organisms to OA 
because Mg-calcite is meta-stable. However, it has also been proposed that organisms 
may decrease their uptake of Mg as CO2 rises thereby making their skeleton more stable 
(Andersson et al., 2008). Consequently a variety of studies have measured the 
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magnesium concentrations of CCA grown in enriched CO2 treatments. The results have 
been variable. Mg content of Mg-calcite for tropical branching Neogoniolithon sp. 
decreased under higher CO2 (Ries, 2011). Egilsdottir et al. (2012) working on the 
temperate articulated coralline Corallina elongata reported a significant decrease in Mg 
content for new structures formed under CO2 550-1000 µatm but tips, branches and basal 
growing off the pre-existing crust were not significantly different. Research on temperate 
coralline Lithothamnion glaciale showed no change in Mg content for new growth over 
80 days in reduced pH 7.7 treatments (Kamenos et al., 2013). It cannot be conclusively 
determined from these results that CCA will adapt by decreasing their Mg uptake to 
become more stable. It is worth noting that there have been no experiments on CCA 
testing the correlation of Mg content with dissolution rates. The Mg theory has been 
derived from studies on synthetic materials and monitoring of magnesium levels in the 
solution during dissolution tests, not from a comprehensive study of dissolution rates of 
CCA with a range of mol% MgCO3. Comprehensive XRD analyses of coralline algae 
collected over the past 160 years found no change in Mg content since the pre-industrial 
era, but strong correlation with seasonal and regional temperature (Williamson et al., 
2014).  
 
Recent surveys around naturally occurring shallow sea floor volcanic CO2 vents have 
shown decreases in CCA coverage with increasing CO2 at tropical locations (Fabricius et 
al., 2011) and changes in calcified structure but not Mg content in a temperate location 
(Brinkman and Smith, 2014). While experimental evidence builds for a negative impact 
on tropical CCA based on weight loss data, mortality and increased endolithic bioerosion 
(Anthony et al., 2008; Diaz-Pulido et al., 2012) there has been no work to detail how 
these changes unfold at the micron scale within the CCA crust, nor what specific changes 
may occur in the CCA reef cementation capacity.  
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8.2 Aims 
The goal of this chapter is to understand how OA may affect the net reef-building 
capacity of P. onkodes. Specifically, to determine changes in dissolution rates under 
higher CO2, how mineral composition may change under differing OA conditions and 
any associated changes to crust structure and mechanical properties. 
 
8.3 Experiment 1: Dissolution rates under elevated CO2 
8.3.1 Aim 
To test for changes in dissolution rates of skeletal material in elevated CO2 conditions. 
 
8.3.2 Methods 
The 10 day dissolution experiment presented in the previous chapter had parallel tanks 
with CO2-enriched seawater. The CCA chips used for the CO2 enrichment dissolution 
tests were from the same sample set as described previously and were randomly allocated 
across tanks. The water was sourced from the Heron Is. reef flat and experienced diurnal 
fluctuations in pH (Santos et al., 2011). The CO2 enriched treatment ranged from pH 7.69 
to 8.44 (NBS scale) compared to the control tanks of 7.85 to 8.55 (Figure 8-1). Full 
experimental details and carbonate chemistry in Nash et al. (2013a). 
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Figure 8-1: Comparison of daily pH level for control and the CO2 enriched tanks. 
Numbers are tank number. 
 
8.3.3 Results and discussion 
Dissolution rates for the dolomite-poor CCA and dolomite-rich CCA both increased 
under CO2 enrichment by 87% and 64% respectively (Fig. 8-2). The offset seen between 
the CCA crust types for the control was retained under higher CO2 and the dissolution 
rate for dolomite-rich CCA was 83% less than dolomite-poor CCA. 
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Figure 8-2: Weight loss results for CCA under control and enriched CO2 treatments. 
 
This increase in dissolution rates was dramatic, however it was positive to see that even 
under the higher CO2 conditions the presence of dolomite continued to confer resistance 
to dissolution. The elevated rates for the dolomite-poor CCA are concerning as this 
would result in complete dissolution of the crusts within 12 months.  
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8.4 Experiment 2: CCA grown under elevated CO2 
8.4.1 Aims 
To determine if 1/ Mg content of Mg-calcite changed with CO2 concentration, 2/ CO2 
concentration influenced the formation of dolomite, and 3/ mechanical properties were 
affected by CO2 concentration.  
 
8.4.2 Methods 
This experiment was carried out by staff at the Australian Institute of Marine Sciences (S. 
Uthicke, A. Negri and N. Cantin) originally for a purpose other than mineral 
determination. The samples were air dried after the experiment and I obtained a subset of 
these for mineral and SEM analyses. I was not involved in the original experiment design 
or execution. Full experimental details are in Nash et al. (2015a) and the following is a 
brief summation as provided by AIMS. Fragments of live P. onkodes were collected from 
the upper reef crests (2 – 3 m depth) of Davies Reef (18°49.29’S, 147°37.99’E), Great 
Barrier Reef in August 2012. To eliminate open carbonate surfaces, CCA chips (~1 cm 
diameter) were sealed around the sides and base in non-toxic under water glue (Mr. 
Sticky’s, Fair Oaks, CA) and attached to PVC slides (only the top live surfaces were 
exposed to seawater). Blank slides were added to the system to identify and track new 
CCA settlement. In addition to a present day (pHT 8.0 target, measured mean 7.96 +/- 
0.04 SE CO2: 444 +/- 37 µatm), mid-century 2050 (future pHT 7.9 target, measured mean 
7.90 +/- 0.04 SE CO2: 676 +/- 37µatm) and end of century 2100 (future pHT 7.75 target, 
measured mean 7.77 +/- 0.06 SE CO2 904 +/- 32µatm) target acidification treatments, this 
experiment included a pre-industrial treatment (past pHT 8.14 target, measured mean 8.09 
+/- 0.04 SE CO2: 365 +/- 37µatm). This experiment was conducted within the outdoor 
aquarium facility at the Australian Institute of Marine Science under natural daily light 
cycles during the Austral summer (October-April). Outdoor light intensities were reduced 
with 70% UV blocking green shade cloth to an average intensity of 210 ± 12 µmol 
photons m-2 s-1, with a daily maximum of 330 µmol photons m-2 s-1. These light 
intensities correspond to the daily average light intensity on shallow reefs.  
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Subsets of CCA’s in resin were removed from the tanks after 3 and 6 months. The 
settlement slides were removed after 6 months. Samples were randomly selected from 
these for XRD analyses. New crust from the resin-embedded CCA’s was sampled by 
breaking off the crust that overgrew the resin. This ensured that only crust formed during 
the experiment was included in the new crust analyses. The new crust typically had a thin 
layer (~0.5 to 2 mm) of white crust overlain by a layer of pink photosynthetic crust (Fig. 
8-3).  
 
 
Figure 8-3: CCA crust embedded in resin, 3-month sample. Holes in crust are from 
boring organisms. 
 
CCA that had settled on the plastic slides after 6 months had only pink crust and there 
was no white crust underneath. Typically for the new settlement CCA, 2-4 settlement 
patches were required to obtain sufficient material for analysis by XRD, thus each 
individual result for new settlement is an average of several CCA patches. These CCA 
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had not reached reproductive stage and could not be identified. For the 6-month 
experiment, CCA’s in resin from the control tanks were unavailable for mineral analysis.  
 
CCA were cut using a bench-top saw with a 2 mm thick diamond impregnated blade. A 
slice through the middle of each 3-month sample was kept for SEM. Mineral 
determination was carried out following the methods XRD in Chapter 2. Unless 
otherwise noted in the figure legends, the notations use are standard throughout; D – 
dolomite, Mg-C  - Mg-calcite, Mg – Magnesite, A – aragonite. 
 
The term 'pre-experimental growth' refers to crust grown in situ at Davies reef prior to 
collection for the experiment (Fig. 8-3). The new crust (experimental) is the growth 
above the height of the resin. The 'new crust' terminology is used because this includes 
both the white crust and pink-pigmented crust of the perithallus and the surface 
epithallus. The new settlement on slides in the 6-month treatment was predominantly 
pink without observable white crust. This new settlement was less than a millimeter in 
thickness. 
 
8.4.3 Results – X ray diffraction  
In summary, there was no significant difference in Mg content of the Mg-calcite phase 
between any of the treatments (ANOVA, F= 0.77, p= 0.475). For the new P. onkodes 
crust formed during the 3 month duration (Fig. 8-4 A), the mol% MgCO3 range is 16.4 – 
16.7 mol% MgCO3 (n = 5 per treatment, averages: Pre 16.6, Control 16.5, Medium 16.4, 
High 16.7 mol% MgCO3). This range is only 0.1 mol% more than measurement precision 
(Nash et al., 2011).  
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Figure 8-4: Magnesium composition for experimental growth of P. onkodes. Mol% 
MgCO3 is for Mg-calcite. Asymm. mol % includes influence of dolomite asymmetry on 
calculated Mg-calcite mol% MgCO3, the more dolomite present the higher the Asymm 
mol%. A. New crust after 3 months. B. New crust after 6 months. Triangle - control 
samples were unavailable for mineral analyses. C. New settlement after 6 months. There 
is no dolomite in the new settlement consistent with the absence of white crust. Error bars 
are ± 1 s.d. 
 
For the new P. onkodes crust formed over 6 months (Fig. 8-4 B), the mol% MgCO3 range 
was the same as the 3-month crust 16.4 – 16.7 mol% MgCO3, (Pre 16.7 n=5, Medium 
16.4 n=3, High 16.5 mol% MgCO3 n=6). Many of the Mg-calcite XRD peaks for both the 
3 and 6-month crust demonstrated asymmetry indicating the presence of dolomite. There 
was no significant difference in the dolomite asymmetry related to CO2 treatments 
(ANOVA, F=0.55, p=0.582). For unidentified CCA that had settled on the slides over 6 
months (Fig. 8-4 C), the mol% MgCO3 ranged from 14.7- 14.9 (Pre 14.8 n=3, Control 
n=4 14.7, Medium 14.7 n=5, High 14.9 mol% MgCO3 n=5). The new settlement CCA did 
not have dolomite, i.e. no peak asymmetry, consistent with the absence of white crust 
underneath. 
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As there was no significant difference between treatments, all treatments were combined 
for each time period (Fig. 8-5) to compare the difference in the mineral composition of 
each  
 
 
Figure 8-5: Magnesium composition for CCA new settlement, 3 month crust, 6 month 
crust, and pre-experimental crust. The mol% MgCO3 in the Mg-calcite increases from 
new settlement to 3 and 6 months, and again for the pre-experimental crust. Dolomite is 
not present in the new settlement, appears within 3 months, increases in amount in the 6-
month new crust, but is highest in the pre-experimental crust. Error bars are 1 s.d. 
 
crust type. There was a significant difference in Mg content (F = 28.54, p <0.001) and 
dolomite asymmetry (F= 19.57, p <0.001) between crust types. The 6-month new 
settlement at 14.8 mol% MgCO3 was significantly lower than the mol% MgCO3 for the 
new crusts from the 3 and 6-month new crusts (~16.5 mol% MgCO3) and the pre-
experimental crust (17.5 mol% MgCO3). Dolomite asymmetry was absent from the new 
growth, but appeared in new white crust within 3 months (Asymm. mol% 17.6) and was 
higher again for the 6-month new crust (Asymm. mol% 18.7) and pre-experimental crust 
(Asymm. mol% 21.6).  
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8.4.4 Discussion of X-ray diffraction results 
In summary, these results show there was no influence of CO2 treatment on Mg content 
of the Mg-calcite phases or the dolomite asymmetry in any of the three sample sets. The 
only differences were between the mol% MgCO3 and asymmetry of the different crusts 
types sampled. The difference in dolomite asymmetry between crust types is in 
agreement with previous work demonstrating the absence of dolomite from the surficial 
crust layers. However, the difference in mol% Mg-calcite between the Mg-calcite phases 
of each crust type is not so readily explained. Based on observations presented in Chapter 
3, probably this difference is due to changes in the relative amount of cell wall Mg-calcite 
(higher Mg) versus inter-filament Mg-calcite (lower Mg), that is the amount of cell wall 
material increases relative to the inter-filament over time. It is possible that the amount of 
Mg incorporated into either the inter-filament, cell-wall or both may increase over-time, 
although the physical mechanism by which this could happen is not immediately 
apparent.  
 
8.4.5 Results and discussion – Scanning Electron Microscopy 
Previous studies have detected a decrease in inter-filament calcification for temperate 
coralline grown in CO2 enriched treatments (Hofmann et al., 2012). Considering those 
findings, SEM was undertaken to look for potential differences in calcification between 
treatments. There was no visible difference in the calcified crusts between CCA from pre-
industrial, control or high CO2 treatments. There was however, a clear difference in the 
structure of the crust grown during the experiment compared to the pre-experimental 
crust (Fig. 8-6). This difference was observed in control CCA, as well as pre-industrial 
and high CO2 CCA (Fig. 8-7) indicating the difference was not related to the CO2 levels. 
Crust formed during the experiment appeared less organised and structurally less dense 
with cracks and associated gaps in the crust that were not present in the pre-experimental 
crust. The difference in density was based on observation and not able to be quantified.  
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Figure 8-6: Control P. onkodes with experimental and pre-experimental growth. A. (BSE) 
The lighter grey of the experimental growth is due to less dolomite presence. Black box 
enlarged in B. D -dolomitised conceptacle. B. Close-up showing the consistent presence 
of infill in pre-experimental growth whereas in the new growth regular dolomite cell 
infill is absent. The Mg-calcite crust itself appears to be less dense with many cracks 
from the cutting visible in the new growth but not so in the pre-experimental growth. C. 
(SE) The pre-experimental growth appears to have a fine opaque organic film covering 
part of the cut crust (white dashed arrow), but this is not present in the experimental 
growth (White arrow). D. (BSE) Note line of porosity in transition between pre-
experimental and experimental growth. Dashed arrows are pre-experimental crust and 
solid arrows experimental growth. 
 
The experimental crust has compressed under the action of the saw used to slice the CCA 
(Fig. 8-7). This compression by the saw would have made it difficult to identify any 
differences in growth structure between the CO2 treatments. Previous work relying on 
SEM for CCA interpretation has used both saw cutting similarly to here as well as 
fracturing without any further treatment of the sample. There has not been an observed 
impact of saw cutting on samples. The crust features in the pre-experimental crust are 
comparable to features in other P. onkodes analysed using SEM that have been cut, cut 
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Figure 8-7: (BSE) Transition from pre-experimental crust to experimental crust in P. 
onkodes, pre-industral CCA (A, B) High CO2 CCA (A, D). A. Overview. B. Close-up of 
transition. Dolomite infills cells (black arrows). Experimental growth does not have cells 
infilled, crust has been damaged by saw cut. C. Overview high CO2 CCA. D. Close up of 
transition. Similarly to control and pre-industrial CCA, cells in pre-experimental growth 
are infilled with dolomite (black arrows). Experimental growth cells are not infilled with 
dolomite and crust has crushed under the sawcut.  
 
and polished or only fractured and it is unlikely that the use of the saw has introduced an 
artifact into this study other than to highlight the susceptibility of the experimental crust 
to crushing compared to pre-experimental crust.  
 
Pre-experimental crust immediately below experimental growth had aragonite cell infill 
(Fig. 8-8). In previous chapters and Nash et al. (2011) aragonite infill of this type has 
only been observed at the base of the CCA crust exposed to seawater or in parts of the 
skeleton that have been damaged allowing seawater to penetrate. However, here there 
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were no obvious signs of damage to the crust. Considering the aragonite observed in the 
crust where the CCA was transferred to the experimental tanks, it may be that 
interruptions to normal growth after the transfer to experimental tanks, allowed seawater 
to penetrate into the shallow surface layers resulting in alteration of Mg-calcite to 
aragonite.  
 
Figure 8-8: SEM (BSE) of Control P. onkodes. A. Overview of experimental growth, pre-
experimental growth and transition zone (bracket). Cells at the surface do not have 
dolomite. White box enlarged in B. B. Cells in experimental growth have no dolomite 
infill. Cells below experimental growth have dolomite lining the cells but the centres are 
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in-filled with aragonite. White box enlarged in C, black box enlarged in E. C. Close-up of 
cell infill by aragonite within the dolomite lining. D. Dolomite lined cell in transition 
zone with aragonite infill. E. Patch of crust below experimental growth with aragonite 
infill. F. Close-up of dolomite-lined cell with aragonite infill. 
 
Previous experiments on calcification rates of CCA found that rates of photosynthesis, 
and production of inorganic and organic carbon, were significantly lower in experimental 
tanks than in situ (Chisholm, 2003). A decrease in photosynthesis and calcification rates 
may be the explanation for the observed differences in calcified crust in this study, 
although the exact mechanism leading to the change is not known. The absence of the 
organic film in the experimental growth (Fig. 8-6 C) raises the possibility that it is the 
absence of these organics that has led to the observed differences in calcification. This 
organic film is consistently present on the pre-experimental growth and consistently 
absent from the experimental growth. In Chapter 5, multiple layers of organic membrane 
were seen within naturally etched Mg-calcite cell walls. Possibly, if rates of 
photosynthesis and organic carbon productions are depressed in experimental conditions 
(Chisholm, 2003), this may interrupt the formation of either the multiple membranes 
and/or the organic filaments between the layers.  
 
8.4.6 Results and discussion- nanoindentation 
Initial indentation testing of a selection of these CCA showed that the transition from the 
pre-experimental crust to the experiment crust was associated with a change in 
mechanical properties. Indents at low loads in the new crust were generally unsuccessful 
with crust collapsing under the indent resulting in broken load curves. Testing for 
mechanical properties was not pursued further as comparisons between CO2 treatments 
would be unreliable considering the observed experimental affect. Furthermore, the 
presence of aragonite indicates localised crust alteration and as shown in chapters 6 and 
7, alteration leads to higher measured hardness and modulus that is not representative of 
the original crust.  
 
This change in calcification with transition to experimental tanks poses a substantial 
problem for determination of CO2 impacts on the CCA mechanical properties. The 
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Hofmann et al. (2012) experiment demonstrated a reduction in inter-filament calcification 
with elevated CO2. Were this to occur similarly in the P. onkodes, then, based on the 
work on coral (Chamberlain, 1978) presumably the overall strength would decrease as 
porosity increases. However, so little is known about the growth of the P. onkodes, it may 
be possible that if inter-filament calcification is absent then the cell-wall calcification 
may expand to take up that space or the cell walls may become closer. Considering the 
higher resistance to dissolution of the cell wall compared to the inter-filament Mg-calcite 
(Chapter 7), then this would lead to an overall increase in resistance to dissolution once 
the crust had formed. Until the experimental conditions leading to the observed change in 
calcification are identified and rectified, it will not be possible to accurately test changes 
in mechanical properties under different CO2 scenarios for experimentally grown P. 
onkodes.  
 
8.4.7 Summary of Experiment 2 results 
The consistency of Mg content across P. onkodes and new settlement CCA from pre-
industrial to high CO2 treatments does not provide support for the theory that Mg-calcite 
organisms will take up less Mg under higher CO2 conditions (Andersson et al., 2008). 
Therefore, it is unlikely there will be an increase in stability due to a reduction in Mg 
content. However, as already mentioned, there have been no experiments to test the 
proposal that a decrease in Mg content would in fact result in lower dissolution rates.   
There was no affect of CO2 concentration on dolomite formation, although it must be 
noted that dolomite cell lining was not abundantly present in the experimental crusts 
when contrasted to typical cell lining described in chapter 5.   Mechanical properties 
could not be measured and therefore no conclusion can be drawn about potential CO2 
impact on fracture toughness, or hardness and elastic modulus.  
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8.5 Experiment 3: CCA grown in elevated CO2 and temperature  
This experiment was conceived and carried out by G. Diaz-Pulido, Griffith University.  I 
became involved after the aquaria experiment was completed. My role was to design the 
XRD analytical protocol and carry out the XRD analyses, interpretation, SEM imaging 
and interpretation of the CCA grown in the different treatments. It was specifically for 
this work that the dolomite asymmetry method and the method for identifying the 
different magnesium compositions in the dolomite phases allowing Rietica quantification 
were developed (Chapter 3). I made the initial statistical comparison to identify 
differences between sample sets and G. Diaz-Pulido carried out the multi-factorial 
analyses.  
 
8.5.1 Aims 
The goal of the experiment was to determine net calcification under different CO2 and 
temperature conditions and afterwards to have XRD analyses to check for correlation of  
the Mol% MgCO3 with measured weight changes. 
 
8.5.2 Aquaria experiment methods  
The full experimental details are in Diaz-Pulido et al. (2014), as provided by G. Diaz-
Pulido. The following is a summation. The experiment was conducted in the outdoor 
flow-through aquaria facilities of Lizard Island Research Station, (14.4000800S, 
145.2703400E), northern Great Barrier Reef, Australia. The CCA P. onkodes of c.a. 3 x 3 
cm (<6 mm thick) collected from the shallow (3-5 m depth) coral reefs of Lizard Island 
(GBR). CCA fragments were acclimatised in tanks with running seawater during 15 days 
prior to the experiment. After that period, fragments were placed in the aquaria and 
continuously fed with experimental water with a flow of 36 L hr-1. The CCA were not 
embedded in resin. The CO2 treatments included three CO2-dosing /pH regimes that 
represent a range of historical (pre-industrial, target value for CO2: 290 µatm and pHSW: 
8.15), present-day (ambient control, 357µatm and 8.09), and projected early 22nd century 
(high, 1,230 µatm, 7.63) CO2 levels under the representative concentration pathways 8.5 
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(RCP8.5) scenarios. There were two temperature levels, ambient control (27.9 °C±1.55, 
mean ± s.e.) and elevated (29.85 °C±1.73). There were five replicate 15 litre aquaria per 
CO2 and temperature treatment combinations, each containing three randomly allocated 
fragments of CCA. A shade cloth was used over the aquaria to reduce the natural sunlight 
to approximately match the levels in native habitat (2–4 m). Average light level in the 
aquaria at 11 am was 220 mmol photons m"2 s"1.The experiment ran for 2 months during 
October–December 2009. For mineralogy analyses, a subset of three aquaria (one 
fragment per aquarium) was used per treatment combination. 
 
8.5.3 Analytical methods 
Bulk samples (mostly un-pigmented skeleton) of CCA were taken by breaking a small 
fragment off the crust, while surface scrapings were taken by gently scraping the pink 
surface with a razor, taking care not to dig into the white crust. Samples were not 
bleached or chemically cleaned prior to XRD. XRD followed the methods developed in 
Chapter 3. Samples for SEM were prepared by breaking, polishing and embedding in 
resin or fracturing. All were carbon coated. Inductively coupled plasma – atomic 
emission spectroscopy (ICP-AES) following methods in Nash et al. (2011).  
 
8.5.4 Results- X-ray diffraction 
XRD results showed that the dolomite asymmetry portion of the Mg-calcite peak was 
noticeably higher for the high CO2, high temperature (30 °C) treatment samples than for 
all other sample sets (Fig. 8-9). Furthermore, the aragonite peaks were higher for the low 
temperature (28 °C) low CO2 (pre-industrial) and control sample sets. Using the 
asymmetry method, extra dolomite asymmetry equated to an 88% increase in asymmetry 
(p <0.001, n=3). The curve subtraction method (Chapter 3. Fig. 3-5) was then applied and 
three extra higher Mg-calcite phases were identified: High Mg-calcite (H-HMC~26 -32 
mol%MgCO3), dolomite (~38-54 mol% MgCO3) and a higher Mg-dolomite approaching 
magnesite (~95 mol% MgCO3). There appeared to be a continuum of Mg composition 
from Mg-calcite up to approaching magnesite. The subtracted phase peaks were used as 
the starting cell parameters for cell refinement in Rietica for curve fitting to enable 
 354 
quantification of each phase range. The relative amount of dolomite in the high CO2, 30 
°C treatment (11.4 weight %) was nearly 3-fold higher than the 28 °C treatment (3.8 
weight %) (Full results Chapter 3, tables 2, 3 and 4, and Diaz-Pulido et al., 2014). In 
contrast, the aragonite content in  
 
Figure 8-9: XRD scans for different temperature and CO2 treatments, bulk crust only. 
XRD scans for each treatment have been added to give a combined average scan.  
 
CCA was significantly higher (p=0.001, n=3) in lower pCO2 and lower temperature (Fig. 
8-9, 10), with ~6.7 weight % in the pre-industrial CO2 concentration (28oC) and ~3.1% in 
ambient control CO2 (28oC), compared to <1.5% in the remainder treatments. The mol% 
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MgCO3 of the surficial crust was significantly higher in the 30oC treatments than the 
28oC for all CO2 conditions (p = 0.004, n=3) (Fig. 8-10). For all treatments the mol% 
MgCO3 of the surficial crust was lower than the bulk crust (p<0.001).  
 
 
Figure 8-10: XRD results. A. Dolomite asymmetry difference. B. Aragonite weight %. C. 
Mol% MgCO3. Bars are 1 s.d. 
 
8.5.5 Discussion of X-ray diffraction results 
There are five key findings.  
1/ The significant and substantial higher dolomite quantity of the greenhouse (high 
CO2, 30°C) bulk-crust relative to all other treatments.  
2/ The higher amounts of aragonite in the low temperature (28°C), Pre-industrial 
CO2 and control CO2 relative to all other treatments.  
3/ The consistently lower Mg content in the surficial subsamples compared to the 
bulk crust.  
4/ The increase of Mg content with temperature in the surficial subsamples.  
5/ The absence of change in Mg content with CO2 for the surficial samples. 
 
Considering each of these in order. Initially the higher amount of dolomite in the 
greenhouse treatment was considered as probably due to an increase in the amount of 
dolomite formed within the crust during the experiment. This would be in keeping with 
geological evidence for a positive correlation with dolomite and greenhouse epochs 
(Given and Wilkinson 1987). However, the mechanism for how this might take place was 
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not clear. This result is explored further in the SEM section. It is unknown why aragonite 
would increase with only a 2 ° C decrease in temperature. The lower Mg content in the 
surficial subsamples relative to the bulk crust suggests there is a higher proportion of 
inter-filament Mg-calcite than cell wall Mg-calcite. For the surficial subsamples, the 
increase in Mg content with temperature but no change with CO2 was initially interpreted 
as the CCA being able to compensate for changes in CO2 but not prevent extra Mg being 
incorporated into their skeleton with higher temperature (Diaz-Pulido et al., 2014). 
However, this experimental work was carried out before the characterisation work 
presented in Chapter 5 was completed. Now, it must also be considered that the change in 
Mg content may have been due to an increase in the relative amount of cell wall 
compared to inter-filament material or a combination of this and extra Mg incorporation. 
This hypothesis was not tested.  
 
8.5.6 Results and discussion- Scanning electron microscopy  
To understand how the extra dolomite and aragonite was present, SEM was undertaken 
on a selection of samples from all treatments. Because the CCA had not been stained 
prior to the experiment or embedded in resin it was not possible to determine definitively 
the transition from pre-experimental growth to experimental growth. However, the extra 
dolomite / aragonite was detected in the bulk samples, which although they include the 
surficial new growth this would be a minor amount and unlikely to be responsible for all 
the difference.  
 
8.5.6.1 Aragonite in pre-industrial CCA 
SEM imaging of the pre-industrial, 28°C CCA revealed that aragonite was present as 
large areas across the base of the crust and aragonitisation of patches of internal crust 
(Fig. 8-11). Aragonite in-fills individual cells proximal to the altered areas and there are 
remnant CCA cells discernable within the basal aragonite indicating this is transformed 
CCA and not coral (Fig. 8-11 B). There is hypothallial growth over the aragonite and the 
unidentified Mg-mineral observed in the Heron CCA in association with hypothallial 
growth is also found in this CCA (Fig. 8-11 B). Alteration to aragonite within the crust 
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does not leave visible traces of the original cells (Fig. 8-12) and the proximal discrete cell 
infill appears to be a stage in the transformation of the crust to aragonite (Fig. 8-12 B). 
The aragonite alteration looks like an encroaching front expanding into the crust and 
physically crushing the unaltered cells in its path (Fig. 8-12 C). Fragments of crushed 
cells are aligned sub-parallel to the aragonite alteration boundary.  
 
 
Figure 8-11: Pre-industrial, 28°C, (sample GD2). A. Overview, SEM stitched. Boxes 1 
and 2 enlarged next figure, box 3 enlarged in appendix 2. A- aragonite. B. CCA 
transformed to aragonite, remnant cells visible. Mg-Unidentified Mg mineral between 
aragonite and remnant cells. Hypothallial growth at dolomite/ H-HMC band.  
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Figure 8-12: Alteration by aragonite, enlargements from figure 8-11. Numbers are 
individual EDS measurements for mol% MgCO3. A. Alteration patch within the crust. B. 
Aragonitisation progresses by in-filling discrete cells in its path. C. Cells adjacent to the 
aragonite are crushed with fragments aligned sub-parallel to the aragonite boundary.  
There are unusual dolomite formations adjacent to the aragonite alteration that have been 
exposed by internal damage in the Pre-industrial 28°C CCA. Spheroidal agglomerations 
of sub-micron dolomite are present within an organic film (Fig. 8-13 A, B). These are not 
all entirely dolomite with bands of aragonite visible (Fig. 8-13 C). There are formations 
of dolomite with rope morphology (Fig. 8-13 D). 
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Figure 8-13: Unusual dolomite formations adjacent to aragonite alteration. A. Overview 
(100 microns right of Fig. 8-12B). Numbers are mol% MgCO3. B. Dolomite in organic 
membrane. C. Aragonite bands. D. Dolomite rope within remnant organic filaments. 
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8.5.6.2 Dolomite in elevated CO2 and temperature 
In contrast to the pre-industrial, 28°C CCA, the high CO2, 30°C CCA whilst also having 
smaller patches of aragonite had large areas of predominantly dolomite (Fig. 8-14). The 
area of dolomite was in the mid crust where there was damage to the crust from 
endolithic bioerosion. Close-up imaging shows that calcium has been removed from the 
Mg-calcite skeleton but not from the dolomite lining (Fig. 8-14 A), similar to the process 
observed in previous chapters and attributed to the activity of Mastigocoleus bacteria. 
The dolomite lining remains intact whilst the surrounding Mg-calcite is destroyed. 
Organic filaments remain holding the remnant dolomite in place (Fig. 8-14 B).  
 
The removal of calcium leading to the destruction of Mg-calcite whilst at the same time 
leaving the dolomite lining untouched is a process by which the proportion of dolomite 
increases relative to the Mg-calcite and is a reasonable explanation for the higher 
dolomite measured by XRD for the high CO2 30°C CCA. Unlike in the CCA 
characterised in the previous chapters, the skeletal material mobilised by the bacterial 
erosion has not re-precipitated. Instead, the erosion has removed sufficient carbonate 
from the middle of the crust to lead to the formation of a large crack (Fig. 8-14 C). This 
enables the penetration of experimental treatment low pH seawater which would lead to 
increased dissolution and further increase in the relative amount of dolomite as the 
surrounding Mg-calcite dissolves out preferentially (as demonstrated in the etching 
experiment in Chapter 7) 
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Figure 8-14: Bioerosion. A. Calcium is removed exposing dolomite cell casts. B. 
Dolomite cell casts joined by pit connectors. C. Overview of crack and dolomite 
enrichment. 
 362 
XRD results for the high CO2 30°C treatment showed a continuum of Mg content from 
dolomite up to magnesite. However, the highest Mg content measured for dolomite in 
previous work (Nash et al., 2011) was only 62 mol% MgCO3. A range of Mg 
compositions from dolomite to magnesite are found in the areas of Ca removal (Fig. 8-
15). There is a zone between the commencement of the calcium removal and complete 
crust destruction where this continuum exists. Probably, as calcium is removed from the 
Mg-calcite, there is a period of time where the Mg composition ranges from Mg-calcite 
up to magnesite (zone 1 and 2) before the crust is completely destroyed (zone 3) and this 
shows up in XRD as the continuum. 
 
 
Figure 8-15: Progressive removal of calcium leaves a range of Mg compositions between 
erosion front and completely destroyed crust. Numbers are EDS mol% MgCO3. 
 
8.5.6.3 Exploring the results 
In agreement with the observation of accelerated bacterial erosion in the greenhouse 
CCA, enhanced colonisation by bacteria has been demonstrated in previous experiments 
on P. onkodes to have a positive correlation with elevated temperate and CO2 (Diaz-
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Pulido et al., 2012). The following explanation is proposed to account for the differences 
in aragonite and dolomite. In greenhouse treatments the rate of bacterial erosion is 
increased and as porosity is created by their bioerosion this exposes surface area to the 
low pH ambient water. This exposure results in extra chemical dissolution of the crust 
alongside the bacterial erosion. Furthermore, the porosity created by this extra dissolution 
destroys the semi-closed system necessary for the remineralisation process documented 
in previous chapters and enables the seawater to flush out the mobilised calcium. Other 
bio-eroders can penetrate the interior of the crust along this line of porosity further 
enabling dissolution of the crust. The dolomite lining is resistant both to the bacterial 
erosion and chemical dissolution resulting in the relative increase in abundance of 
dolomite as the surrounding Mg-calcite skeleton is destroyed. Furthermore, the Mg-
continuum in the Mg-calcite transition zone from where bacterial Ca removal commences 
to where the crust is entirely destroyed would add to the shift toward dolomite as well as 
explaining the presence of the higher phases of Mg in the High CO2, 30°C CCA. 
 
An explanation for the increased aragonite in the pre-industrial and control CO2, 28°C is 
not as clear. Differing from the greenhouse treatments, bacterial activity in the pre-
industrial and control 28°C is present but remineralisation is enhanced by the higher pH 
of the ambient seawater. It is not clear why the remineralisation would be greater in the 
28°C than the 30°C treatment. Higher pH elevates the [CO32-]. This promotes 
calcification (Borowitzka 1981), but, at the equivalent CO2 concentrations, it is the higher 
temperature that has the absolute higher [CO32-]. The pre-industrial 28°C has calculated 
[CO32-] of 296 µmol/kg whereas 30°C has 311 µmol/kg. Similarly, control 28°C has 
calculated [CO32-] of 265 µmol/kg, whereas 30°C has 280 µmol/kg (Diaz-Pulido et al., 
2014). If the re-mineralisation were driven purely by thermodynamics, then it would be 
expected that the 30°C treatments for the pre-industrial and control CO2 would have 
higher aragonite, not the reverse.  
 
The aragonite mineralisation observed here is different from the remineralisation at the 
base of the Heron Island reef CCA. Remineralisation of the Heron Island reef CCA 
resulted in preservation of dolomite lining and formation of Mg-calcite in the former 
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inter-filament, cell wall regions and in-filling cell spaces. Aragonite when present was as 
cell infill and this was infrequent in the fore reef CCA but was the common infill in the 
reef flat CCA. It was only in the P. onkodes crust collected from Tawali, PNG (Chapter 
5) that crust-scale transformation to aragonite was observed. Unfortunately a survey of 
the Lizard Island fore reef has not yet been carried out. Subsamples were not kept of the 
experimental chips from the original collection and the natural alteration and 
remineralisation processes occurring at Lizard Is. have not been studied. Thus it may be 
that similarly to Tawali, PNG, the crust scale transformation to aragonite is present at 
Lizard, but that this process is interrupted by the experimentally higher temperatures and 
CO2. The first part of this proposition is supported by examination of crust transformation 
to aragonite at the base of the high CO2, 30°C sample (Fig. 8-16). There is hypothallial 
over-growth following the saw-tooth contours of the aragonite and above this the crust 
reverts to vertical perithallus growth and the features are comparable to those 
documented in previous chapters. This regrowth is within the main crust indicating it was 
probably pre-experimental growth suggesting that the crust-scale transformation to 
aragonite does occur naturally at Lizard Is. Exactly how this process would be interrupted 
by higher temperature or CO2, or conversely promoted by lower temperature /CO2 is not 
clear.  
 
There exists an alternate possible explanation for the higher aragonite in the lower CO2 
and temperature CCA, that is, that there was no increase in formation during the 
experiment, instead the higher CO2 and warmer CCA have all experienced enhanced 
chemical dissolution of aragonite. Both crusts shown here have the aragonite extensively 
at their base suggesting this is typical (Fig. 8-11, 16). Furthermore, the presence of the 
internal areas of aragonite within the pre-industrial, 28°C crust that was not found in the 
warmer temperature and higher CO2 treatments provides support for experimentally 
induced aragonitisation. However, it is difficult to thoroughly investigate the alternative 
without an understanding of what drives the formation of the aragonite in the first 
instance and what natural dissolution of exposed CCA aragonite looks like in the reef 
CCA that have not been in a tank treatment. Appendix 2 examines several problems 
posed for mineral analyses of experimental CCA, including unusual alteration of exposed 
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sides that precludes using these edges to properly understand natural dissolution 
processes for CCA in the reef environment. 
 
Figure 8-16: Perithallial regrowth over basal aragonite. A. Overview. B. Enlargement of 
black box in A. Hypothallial cell growth follows the saw-tooth contour of the aragonite 
then reverts to typical perithallus growth.  
 
A reasonable explanation for the elevated aragonite is unlikely to be forthcoming until 
there is an understanding of the remineralisation processes occurring in-situ at Lizard Is. 
against which to compare the experimental results. Transformation of the CCA crust to 
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an aragonite crust may be a naturally occurring cementation process at Lizard Is. that is 
interrupted when the CCA are transferred to elevated temperature and CO2 environments. 
If this is in fact the case, then it is of concern as the results demonstrate that only a 2°C 
increase in temperature may interrupt this process.  
 
8.5.7 Summary of Experiment 3 results 
The main outcome of concern from this experiment for the ongoing capacity of CCA to 
cement the reef, is the accelerated bacterial activity and associated crust destruction. The 
absence of change in the Mg content with changing CO2 levels is in agreement with 
experiment 2. The CCA were not indented, as it could not be determined where the 
experimental crust commenced and whether the pre-experimental crusts had remained 
representative of the natural environment at Lizard Island. However, the effect of higher 
CO2 and temperature on the cementation process is clear. The increase in bacterial 
activity shifts the Mastigocoleus bioerosion process from constructive, as demonstrated 
in Chapters 6 and 7, to destructive. If this same process were to occur in the natural 
environment, then the mechanical properties of the CCA will probably be a moot point if 
the bioerosion destroys the crust contemporaneously with its growth.  
 
 
8.6 CCA from CO2 vents, Papua New Guinea 
Naturally CO2 enriched environments occur in volcanically active regions where vents 
bubble volcanic CO2 into the seawater (Fabricius et al., 2011; Brinkman and Smith, 
2014). Surveys of coral communities in Milne Bay, PNG have shown a decrease in the 
abundance of CCA from control to CO2 vent sites (Fabricius et al., 2011). This site 
provides an opportunity to observe how CCA respond to elevated CO2 in open marine 
systems and to determine if the experimental results presented above are representative of 
the natural environment. 
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8.6.1 Aims 
The initial aims of this analytical work were to determine 1/ if the Mg content of CCA 
changes with CO2 concentration in a naturally CO2 enriched environment, 2/, to identify 
if bioerosion by bacteria increases at the vent sites and 3/, identify changes in mechanical 
properties across the CO2 gradient.  As the analysis progressed it was noted that the only 
crust of comparable thickness to those from the fore reef of Heron Island was an 
aragonite Peyssonnelia calcifying species, Polystrata Heydrich. The work was expanded 
to include SEM and nanoindentation of this sample. 
 
8.6.2 Methods 
The field collections were undertaken by B. Russell (Adelaide University) and S. Uthicke 
(AIMS) as part of the ongoing field studies of the coral communities at Milne Bay, PNG.  
A full description of the PNG sites, benthic survey results and seawater carbonate 
chemistry are available in Fabricius et al. (2011) and Uthicke et al. (2013). The pH at 
control sites ranged from 7.97-8.14 pH at total scale, (296-494 ppm pCO2) and at vent 
sites from pH 7.73-8.00, 444-953 ppm pCO2. The CCA were collected in April 2011 and 
May 2012. CCA were from the control and vent sites. The CCA crusts were collected 
from ~4-6 m depth by SCUBA, by breaking the crust from the reef surface using a dive 
knife. The algae were then air dried for 24 hours before being transported to the 
laboratory for analysis. For powder X-ray diffraction (XRD) a subsample was broken off 
each piece and was crushed and powdered for XRD without any pre-treatment with 
bleach.  
 
XRD and SEM methods followed chapter 3. Identification of CCA was done by Adele 
Harvey, La Trobe University (Appendix 1). Obtaining sufficient numbers of CCA for 
analysis was frustrated by the number of samples that in the field appeared to be only 
corallines, but were later found to have layers of aragonite Peyssonnelia sp. (another 
calcifying red alga but not of the coralline genera) as well. Many of these crusts had more 
than 70% aragonite and a noticeably lower average mol% MgCO3. These were excluded 
from statistical analysis. Coverage of CCA declined significantly from control to vent 
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sites (Fabricius et al., 2011) making it challenging to obtain sufficient samples for 
mineral analysis.  
 
The PNG site does not have a structural reef forming and is a coral community. There is 
no algal rim comparable to the Heron Is., Davies Reef or Lizard Is. sites thus a direct 
comparison to the Heron GBR sites cannot be made. However, the changes associated 
with proximity to the vents may provide clues as to what changes in the crusts may take 
place at the GBR, and other structural reef sites. 
 
8.6.3 Results 
8.6.3.1 General observations 
The CCA crusts from both control and the vent sites were thinner than those collected 
from Heron Is. with none from either site thicker than 3mm. The surfaces were green or 
mustard colour in contrast to the pink of the GBR CCA.  
 
8.6.3.2 Species identification 
There was a mix of species present; control site- Sporolithon durum (n=5), Hydrolithon 
sp (potentially onkodes) (n=4), sterile and unable to be identified (n=3); vent site sterile 
(n=3), Spongites (n=2) and a Neogoniolithon brassica-florida or a Spongites fruticulosus 
(n=1).  
 
8.6.4 Results- X-ray diffraction 
The range of Mg content was narrow across the species, Sporolithon durum (avg 18.2 
mol% MgCO3) (full results appendix 1, tables 1 and 2), Hydrolithon sp (potentially 
onkodes) (avg. 18.2 mol% MgCO3), Spongites (avg. 18.1 mol% MgCO3), Neogoniolithon 
brassica-florida or a Spongites fruticulosus (17.4 mol% MgCO3) and the unidentified 
CCA (avg. 18.2 mol% MgCO3). There was no significant difference between the species 
(both sites combined). There was no significant difference between the species for the 
control site and the results were combined. There were not enough of each species from 
the vent site for statistical comparison but as there was no difference between species at 
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control or species from both sites the vent site results were combined. There was no 
difference (p=0.381) between Mg content of the Mg-calcite CCA for control (18.2 mol% 
MgCO3, n=11) compared to vent sites (18.0 mol% MgCO3, n=7).  
 
The two Spongites CCA, both from the vent site, had substantially more dolomite 
asymmetry off the Mg-calcite peak than the other species (Asymm. difference 2.5 – 2.7 
mol% for Spongites compared to a range of 0.00 - 1.6 mol% MgCO3 for other CCA). 
This resulted in a significantly higher dolomite measurement (asymmetry difference) for 
the vent site group than control (p=0.016) (Appendix 1), however when the data for the 
two spongites were removed from the analyses there was no longer a significant 
difference (p=0.12) for the dolomite asymmetry difference between sites. One of the 
Spongites was checked in SEM. There was no dolomite cell lining found, but there was 
internal hypothallial growth and EDS spot analysis recorded 38 mol% MgCO3.  
 
 
8.6.5 Results and discussion- Scanning electron microscopy 
SEM was undertaken for one crust from each site. CCA (sterile) from control sites had 
unidentified endoliths (Fungi?) in the surficial crust that had tunneled through the crust 
(Fig. 8-17 A, B). These were present as strings or clumped together. However, although 
these endoliths were present the upper crust was not heavily bio-eroded. Bioerosion in 
basal part of the crust (Fig. 8-17 C, D) showed boring comparable to the Mastigocoleus 
traces observed for CCA from Heron and Tawali, PNG as well as bioerosion from clinoid 
sponges and the unidentified fungi(?). The base of the crust whilst having areas of 
remineralisation did not have the relatively homogeneous texture seen in the Heron CCA. 
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Figure 8-17: CCA from control site. A. Overview. B. Fungi (?) in surface crust. C. 
Clinoid sponge and fungi(?) contribute to bioerosion of base. C. Traces comparable to 
Mastigocoleus. 
 
CCA from the vent site had extensive endolithic bioerosion in the surficial crust (Fig. 8-
18 A). Bio-eroders penetrated from the side of the crust as well as upward from the coral 
substrate. Within 100 microns of the surface bacterial erosion had removed sufficient 
skeletal carbonate to expose the organic cell walls (Fig. 8-18 B). The coral substrate was 
heavily bio-eroded (Fig. 8-18 C) and there appears to be no remineralisation of the coral 
substrate. There was a visible gap between the base of the CCA and the coral substrate. 
The CCA crust was friable and easily broke off from the coral substrate.  
 
8.6.6 Results - nanoindentation 
Attempts to prepare the vent CCA for indentation were unsuccessful as the CCA 
crumbled during handling.  As a comparison to the control CCA could not be made, 
nanoindentation was not undertaken on the control CCA samples.  
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Figure 8-18: Vent site CCA on coral (PNG2). A. Surficial layers. B. Bioerosion has 
removed skeletal carbonate. C. Bioerosion in coral substrate. D. CCA on coral 
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8.6.7 Results - SEM and indentation of Peyssonnelia Polystrata Heydrich 
Amongst the aragonite crusts there was one thick (1cm) crust from the control site (Fig. 
8-19). The alga was identified as Peyssonnelia Polystrata Heydrich (Nash et al., 2015b). 
SEM showed there was no visible endolithic boring in the crust and the coral substrate 
appeared devoid of bioerosion or remineralisation. Coral pores immediately below the 
alga were partially in-filled by aragonite needles. There was a thin layer of unidentified 
Mg-calcite CCA between the coral and the Polystrata. Cells within the Polystrata crust 
were generally in-filled with an Mg-rich mineral, fluffy in appearance in contrast to the 
wavy plate morphology seen in CCA and identified as magnesite. A subsample was sent 
to Prof. Huifang Xu, U. Wisconsin, for micro XRD analysis (following methods Chapter  
 
Figure 8-19: Peyssonnelia Polystrata Heydrich growing over coral at control site. A. 
Overview. B. SEM overview of alga on coral. C. Brucite in-fills cells in crust. D. 
Aragonite infill in coral pores. 
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3). The minerals identified over a 100 micron beam range were aragonite with brucite 
[Mg(OH)2] and minor / infrequent magnesite and calcite (Nash et al., 2015b). 
 
Fracture indents of 5 N were made into the Polystrata alga (Fig. 8-20 A). The fracture 
resistance depended on where the indent corners landed. Where the cells were empty of 
 
Figure 8-20: Fracture indents in Polystrata. A. Overview, SEM stitched. Polystrata 
grows as horizonantal layers. B. Crack travels along cell layer. C. Crack deflection at 
right angles. 
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mineral infill, the result was similar to the Mg-calcite only cells of P. onkodes. The 
aragonite cell wall collapsed into the cell and the results was compressive without 
fracture resistance. Indent corners aligned to the basal layers of internal growth had 
cracks travelling straight lines along these layers (Fig. 8-20 B). Indent corners in areas 
with in-filled cells did not collapse the crust and cracks had to travel a series of right 
angles following the outline of cells (Fig. 8-20 C). Calculated KIc ranged from 0.68 to 
1.42 MPa m1/2 (n= 4). This combination of responses resulted in bands of fracture 
resistant crust within the otherwise soft crust. Demonstrably, because a thick crust exists, 
this banding of fracture resistant crust together with the absence of endolithic boring is 
sufficient to enable a thick crust to develop.  
 
8.6.8 Discussion  
The consistency of mol% MgCO3 for the Mg-calcite between control and the vent sites is 
in agreement with the results for the aquaria growth experiments. Although there were 
only low sample numbers of each species, the consistency of mol% MgCO3 for the Mg-
calcite across the species suggests that the uptake of Mg in these CCA is not constrained 
by species type. However, more of each type of species from this location would be 
required for robust statistical comparison of mineralogy between species.  
  
These results are in agreement with analyses of corallines from other natural CO2 vent 
regions. Articulated Corallina elongata from the CO2 vent region off the temperate 
Azores archipelago, North Atlantic, show no difference in magnesium concentration 
between control and vent sites (Couto et al., 2010) and analysis of temperate CCA 
(unidentified species) from New Zealand vent sites (Brinkman and Smith, 2014) that 
showed no change in Mg content across sites. 
 
The absence of remineralised crust at the base of the control CCA suggests that the rate 
of bioerosion penetrating from the base upward may be the reason why there were no 
thick CCA crusts from this site. The bacterial erosion of the surficial crust at the vent site 
shows that the living crust can come under direct attack from bacterial erosion whereas 
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this bacterial activity is usually restricted to the base of the CCA in the GBR CCA studies 
and P. onkodes from New Caledonia (Tribollet and Payri, 2004). The observation of the 
increased bacterial activity at the vent site is in agreement with the results from 
experiment 3 CCA from New Zealand vent sites showed deformations in skeletal 
formation and evidence of dissolution but there was no mention of bacterial erosion 
(Brinkman and Smith, 2014). Probably there needs to be warmer temperatures for the 
bacterial erosion to combine with elevated CO2 conditions to result in crust destruction. 
 
The presence of endoliths within the thin CCA crusts of the control site suggest that 
conditions in this area are not conducive to thick crust development by CCA because of 
enhanced rates of basal bioerosion. There is a substantial body of work linking the 
accelerated bioerosion to elevated nutrients, (Hallock and Schlager, 1986; Carreiro-Silva 
et al., 2005, 2009) particularly nitrogen enrichment (Carreiro-Silva et al., 2011).  The 
PNG site is proximal to a mountainous shoreline and run off from this may be 
responsible for this active bioerosion.  This theory remains to be tested. Peyssonnelia is 
not usually known for forming thick crusts of reef binding (Basso, 2012) therefore it is 
interesting to find the Polystrata carrying out a comparable reef-building service at the 
PNG site as P.onkodes on the GBR reef front, albeit not in the high-energy regime of the 
inter-tidal zone. The absence of visible endoliths within the Polystrata is intriguing, 
particularly when considered together with its thick crust and the absence of thick crusts 
in the coralline group. Why is the Polystrata apparently distasteful to endoliths? A search 
of the published literature could find no reference to endolithic boring of Peyssonnelia. 
This example of thick crust formation, recognising it is only one sample, raises the 
question of whether there could be a shift in species dominance on the reef should 
conditions change to those more favourable for endoliths. The capacity of Polystrata to 
develop a fracture-resistant crust indicates that it has the potential to cement in the high-
energy reef front should it continue to be resistant to endolith attack. 
 
8.6.9 Summary of PNG survey results 
These results show that for the CO2 levels sufficient to stimulate the bacterial activity as 
seen in this study, the higher rates of bacterial erosion with will likely destroy the CCA 
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crust before it has a chance to cement the reef. This conclusion is supported by field 
surveys of corals growing in warm regions of the Eastern Tropical pacific where internal 
bioerosion is enhanced and framework reef development is not present (Manzello et al., 
2008). There the enhanced bioerosion is considered driven by a combination of lower pH 
and nutrient enrichment from upwelling waters.  
 
 
8.7 Consideration of experimental and field results 
Taken together, the experimental and field survey results suggest that the skeletal mineral 
composition of P. onkodes will not change as CO2 rises. Mg content will increase as 
temperature rises but whether this increase will lead to higher rates of chemical 
dissolution (Andersson et al., 2008) would require experimental testing to confirm the 
proposal. Dolomite looks set to continue forming under higher CO2 and this will enable 
the fracture resistance of the dolomite –Mg-calcite crust to be retained. Chemical 
dissolution rates will increase and this may lead to an overall thinning of the crust 
resulting in decreased net strength. However, the one key change that is likely to prevent 
cementation of the reef by CCA in a higher CO2 and warmer future, is the switch in the 
Mastogocoleus bioerosion process from one of substrate constructive, to substrate 
destructive. The switch from constructive to destructive role will have a multiplier effect 
as not only is the CCA crust weakened, but the coral substrate underneath no longer 
transforms to a tougher aragonite because the semi-closed environment provided by the 
CCA, and necessary for remineralisation, is absent. The observations here and 
mechanical properties measured for the enclosed coral support the proposition by 
Alexandersson (1977) that CCA play a role by sealing off the internal micro-environment 
from ambient seawater.  
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8.8 Model for CCA reef cementation under elevated CO2 
Combining the results from this and previous chapters, the models presented in previous 
chapters are further developed (Fig. 8-21) to anticipate the changes due to rising CO2, and 
 
 
Figure 8-21: Comparison of cementation model with current and future high CO2 and 
temperature. In the high CO2 and temperature the bottom half of the schematic shifts 
from fracture resistant to either not fracture resistant or completely absent. 
 
temperature. As CO2 and temperature rise the fracture resistance of the perithallus 
dolomite Mg-calcite crust is unlikely to change. However, the increased activity of 
bacterial erosion in the high CO2 and temperature conditions leads to destruction of the 
basal crust and coral substrate and this removes a substantial portion of the crust that was 
previously fracture resistant.  
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Figure 8-22: Fracture resistance map comparison. Present day: the CCA provides a 
fracture resistant crust over the coral enabling remineralisation of the coral skeleton. 
Future scenario: CCA may have a fracture resistant band if dolomite is present, but 
bacterial erosion prevents formation of semi-closed system. Coral is not fracture resistant. 
 
By preventing the development of fracture resistant basal crust and coral substrate, the 
overall thickness of the fracture resistant unit is reduced (Fig. 8-22). Furthermore, the  
absence of the semi-closed system created by CCA enclosure over coral prevents the 
transformation of fresh coral to a tougher substrate. This reduces the thickness of the 
CCA/ coral unit and a lower load would be required before crust failure. Therefore, once 
the CO2 threshold is passed that shifts the bacterial erosion process from constructive to 
destructive, the reef structure will break more easily. 
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Figure 8-23: Revised reef-building model with counter forces negatively affected by 
rising CO2/ temperature marked with a red arrow and resistance properties, key processes 
or outcomes no longer present, red cross, Persistence of a hard rind enclosing the coral is 
the key property to enable reef development either as CCA or remineralised base. 
 
Considering these results in the context of the flow-chart presented in Chapter 5 for a 
model of structural reef development; CCA will still exist but their crust scale fracture  
resistance will be reduced because the counter force of crust thickness will be lessened 
(Fig. 8-23). This reduction will firstly be due to the absence of remineralisation. Dolomite 
lining will be retained along with the fracture resistance this confers. Chemical erosion 
will increase with decreasing pH and the counter force of mineral stability will not 
change. Porosity will increase because of the absence of remineralisation at the base, and 
bacterial erosion throughout the crust that will further exacerbate chemical erosion. 
Bacterial erosion will increase, the counter force of a bacterial inhibitor-dolomite – will 
continue but will not be sufficient to counteract the increased bioerosion activity. The 
negative effects will be exacerbated as the bioerosion increases the surface area available 
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for dissolution and enables low pH water to penetrate into the crust and further 
exacerbate the chemical dissolution. This will further reduce the thickness of the fracture 
resistant crust making the total crust even more prone to failure. Despite these changes, 
the potential exists for algal crusts to form. However, the third and final stage required 
for development of a structural coral reef- the enclosure of coral and subsequent 
remineralisation, will not be possible under the higher CO2 and temperature conditions 
tested in this study.  
 
 
8.9 Summary 
The objectives of this chapter were only partially achieved.  Experimental effects 
frustrated the testing for changes in mechanical properties for the 3 months experiment.  
CCA from natural CO2 vents had so little structural strength that they crumbled during 
preparation for mechanical testing. However, despite these frustrations, the results 
obtained for the reminder of the objectives are very informative as to what to expect as 
CO2 rises. Beyond a CO2 and temperature tipping point, the exact levels cannot be 
determined from this study, bacterial activity will be so greatly accelerated that crusts 
will be destroyed as they are formed and no thick crusts will persist. Up until that point, 
the presence of dolomite within the crusts looks likely to continue and thereby continue 
providing structural reef-building services to the CCA. 
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9 Conclusion 
9.1 Key findings 
This thesis set out to understand 1/ exactly how the dominant reef-building CCA P. 
onkodes builds its thick crust and the physical and mechanical properties that enable the 
P. onkodes to persist in the high-energy reef front and 2/ how these reef-building 
properties may be affected by ocean acidification.  
 
The first of these aims was achieved and the main conclusion is that dolomite cell lining 
is the essential property required for both the formation and persistence of thick CCA P. 
onkodes crusts on the tropical shallow reef front. Support for this conclusion is provided 
by the following three key findings; 1/ dolomite cell wall lining enables fracture 
resistance equivalent to tough metamorphic minerals; 2/ abundant dolomite lining 
reduces chemical dissolution rates by an order of magnitude, and 3/ the resistance of 
dolomite to direct bacterial attack.  These three resistance properties together enhance the 
capacity of the CCA crust to withstand the major destructive forces on the fore reef. The 
survey of P. onkodes at Heron Island showed clearly that dolomite was in every fore reef 
crust and none of the reef flat crusts, thus providing a physical example demonstrating 
the association of dolomite with reef-building crusts and an absence associated with non-
reef building crusts. Dolomite was found in CCA from multiple locations across the 
global tropical seas, indicating the reef-building services it provides to CCA is not 
restricted to the study areas on the Great Barrier Reef. 
 
The second goal of the thesis, to understand how the identified reef-building properties 
may be affected by ocean acidification, was only partially achieved. Changes to the key 
mechanical property of fracture toughness could not be compared, or even measured, in 
P. onkodes from a pCO2 enrichment experiment because the calcification in P. onkodes 
from all treatments was affected by the experimental design. However, the dolomite 
contribution of resistance to dissolution and bacterial attack persisted in high pCO2 
treatments. Dolomite continued to form under experimentally elevated pCO2 conditions, 
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albeit the formation was different in the experimental growth for all treatments than the 
pre-experimental growth. Field survey results on a range of CCA species showed that 
elevated pCO2 can lead to bacterial erosion that destroys living crust and inhibits crust 
preservation. Dolomite was found as hypothallial repair growth in one of the field species 
in the elevated pCO2 site indicating that this type of dolomite formation can still form 
under naturally elevated pCO2 conditions. In summary, ocean acidification seems 
unlikely to inhibit the formation of dolomite and probably, associated reef building 
properties will be retained. However, these dolomite-associated reef-building properties 
will be unlikely to protect the crust if bacterial erosion is hyper-active as seems likely 
under a combination of elevated pCO2 and temperature. Structural coral reefs will not be 
able to form if bacterial erosion inhibits CCA from developing thick crusts. 
 
9.2 Significance for understanding coral reef development 
As the thick encrustation by keystone species P. onkodes is essential for building modern 
structural reefs (e.g. Little and Doty, 1975; Marshall and Davies, 1982; Adey, 1998; 
Maneveldt and Keats, 2014), and this thesis shows that dolomite is essential for P. 
onkodes thick crust development, it follows, that dolomite is essential for modern coral 
reef development. There has been over a hundred years of research into the formation of 
structural coral reefs since the first cores were drilled through Pacific reefs, yet this 
fundamental role of dolomite had not been detected. The significance of this finding on 
the role of dolomite cannot be overstated. Based on the work presented in this thesis, 
together with published work demonstrating the important role of P. onkodes in forming 
the protective algal rim, without dolomite it seems probable that the algal rims would no 
longer form, and the majority of high-energy waves would directly hit proximal 
shorelines. Clearly, potentially catastrophic outcomes for coral reef ecosystems and 
dependent human communities. 
 
Apart from the work within this thesis documenting the physical distribution of dolomite 
within the CCA and associated proposed theories about its formation, nothing is known 
about the conditions that constrain dolomite formation in CCA. Of most concern, the 
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absence of dolomite from the Heron reef flat P. onkodes, demonstrates that dolomite 
formation can be readily switched off when environmental conditions change. 
Unfortunately, exactly which of the changed environmental conditions in the reef flat 
leads to the dolomite switch off is not known, although nutrient elevation seems to be a 
reasonable hypothesis. Noting that nutrients can be elevated in seawater near-shore due to 
terrestrial run-off enriched in fertilisers, sewage and sediment (Fabricious and De’ath, 
2001; Perry 2003; GBRMPA 2014) the possibility exists that human activities could lead 
to the inhibition of dolomite formation in tropical reef CCA.  
 
9.3 Summary of P. onkodes calcification 
One of the key objectives in this work was to describe calcification in P. onkodes. The 
results are summarised below.  
 
9.3.1 Cell walls 
The SEM characterisation revealed that the Mg-calcite cell wall is comprised of stacked 
sub-micron grains of Mg-calcite aligned perpendicular to the cell wall. At larger 
magnifications, this has the appearance of micron-sized radial Mg-calcite crystals with 
banding across the grains. The banding seems due to the presence of organic layers 
within the cell wall that break the continuous growth of the crystal. There are nano-scale 
organic filaments throughout the cell wall and the Mg-calcite appears to form attached to 
these filaments. This observation indicates that the organic membranes parallel to the cell 
wall inhibit calcification, whereas, the organic filaments weaving throughout the cell wall 
act as a mineral nucleation substrate. Future work should aim to identify these two 
different organic substrates. As well as contributing to understanding the CCA 
calcification, there may be potential application in the medical field concerned with using 
organic gels to enhance bone-regeneration (e.g. Gkioni et al., 2010; Douglas et al., 2014). 
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9.3.2 Inter-filament 
The Mg-calcite grains in the inter-filament regions appear to form within an organic 
matrix but are aligned parallel to the proximal cell wall rather than the organic matrix. 
Adey et al. (2013) suggested this alignment was associated with a ‘glide plane’ process 
where the crystals could glide parallel as the adjacent cell filament grow vertically 
thereby enabling the movement. The observations in this thesis are consistent with the 
parallel orientation observed by Adey et al. but here the grains are smaller than those 
observed by Adey et al. There is no visual indication that the inter-filament acts as glide 
plan and the parallel alignment in the inter-filament across the top of the cells indicates 
the parallel alignment is unrelated to vertical movement.  
 
9.3.3 Dolomite lining 
Dolomite generally forms as closely packed rhombs that range in size from 10’s of 
nanometers up to 100’s of nanometers. The lining may be thin, less than a micron, or can 
near completely infill the cell, but typically it is 1-2 microns thick. Discrete cells may 
also have material that is dolomite composition but without visible crystal structure. 
Probably, stored polysaccharides act as a nucleation substrate for the dolomite. 
 
9.3.4 Hypothallial and conceptacle cell regrowth 
The finding that hypothallial cell walls can be formed by dolomite is a key outcome of 
this work and requires re-assessment of theories for calcification evolution as these are 
based on there being only three carbonate skeletal-building bio-minerals (aragonite, 
calcite, Mg-calcite). The presence of dolomite as the cell wall calcification together with 
the absence of dolomite in cells immediately beneath regrowth hypothallial cells suggests 
that stored polysaccharides are drawn upon for the fast hypothallial growth. This 
observation is supported by the literature suggesting stored photosynthates are utilised for 
hypothallial growth (Steneck, 1986). The crystal shape in hypothallial growth is not as 
easily discernable as cell lining dolomite. It appears either featureless, with vertical 
orientation or with clumped nano-rhombs. 
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9.3.5 Infill of conceptacles and wounds  
Dolomite in conceptacles forms as clumped nano-rhombs. The dolomite generally 
seemed associated with an organic substrate. Aragonite seems more prevalent where 
there is minimal organic material in the conceptacle voids. Long platelets with 
magnesium and no calcium are identified as magnesite and this is found both within 
conceptacles and dolomite lined cells. A second Mg mineral is present that appears as 
featureless, or as fine fluffy structure and is commonly found in wound areas, in cells 
adjacent to wound areas and conceptacles. This mineral has not been positively identified 
yet, but may be a hydrated magnesite. 
 
9.3.6 Role of bacteria in remineralisation of CCA 
A quite unexpected finding of this thesis was the positive contribution bacterial erosion 
can make to development of thick crusts. Removal of calcium by Mastigocoleous leads to 
remineralisation of the affected area. This remineralised crust retains at least the fracture 
toughness of the main dolomite- Mg-calcite perithallus, and can have enhanced fracture 
toughness. Certainly for the Heron Island reef flat CCA, the bacterial activity created 
patches of crust that were fracture resistant whereas the pristine Mg-calcite crust was not 
fracture resistant.  
 
9.4 Usefulness of nanoindentation  
Another key objective was to determine the usefulness of using nanoindentation for 
providing physically meaningful data relevant to the reef-building role of CCA.The 
results show that the most informative property is the fracture toughness, whereas 
hardness and modulus measurements are difficult to obtain and are biased toward inter-
filament calcification. Together with the results for the coral, which had higher hardness 
and elastic modulus than the CCA, the results here suggest that looking for CO2 induced 
changes in hardness and elastic modulus may not return physically meaningful data in 
relation to the reef-building properties of corals and CCA. Instead, fracture toughness 
seems most representative of the physical properties observed by researchers on the reefs. 
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The crack deflection properties of the composite CCA crust lead to this material being 3-
5 times tougher than coral and equivalent to quartz and corundum, metamorphic minerals 
formed under high temperatures and pressures.	  
 
9.5 Interpretation of XRD data  
This thesis built upon earlier work that used XRD for Mg content determination. By 
utilising standard software packages, the peak shape of the main Mg-calcite peak [(101)] 
can be used to quickly and reliably numerically assess asymmetry due to dolomite 
presence. This information is useful for identifying whether dolomite is present and 
allowing comparison between samples. Furthermore, once dolomite presence has been 
confirmed the different Mg-compositions present can be modeled to allow for 
quantification of the mineral phases. 
 
9.6 Confounding problems  
Included in appendix 2, is an expanded discussion of problems encountered with the 
CCA in regards to sample preparation, preservation and experimental growth. Polishing 
dolomite-rich samples, using a mechanical polisher, seems to be responsible for the 
accumulation of a thin organic layer on the CCA surface that obscures fine calcification 
details in SEM.  
 
Reimaging CCA samples after 2 years showed that chlorine-rich crystals form on the 
surface proximal to dolomite-rich areas. This Cl material is volatile under the SEM beam 
suggesting a higher water content indicating it is probably a hydrophilic mineral formed 
by absorbing water from the air. The association of the Cl mineral with dolomite regions 
suggests the Cl material is sourced from the dolomite regions. Possibly, this is a 
polysaccharide that can be mobile post-mineralisation and post-mortem. Parts of the CCA 
crust in samples collected 5 years prior to SEM examination were visually different from 
the detailed features shown for freshly collected samples and it appears that magnesium 
has moved through the crusts, similarly to bleeding through. Indentation results may also 
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be affected by this change. Possibly the mobile organic material absorbs water from the 
atmosphere and expands throughout the crust, dragging magnesium with it. This 
mechanism may be a key to understanding large-scale transformation of limestone to 
dolomite. For example, there may only need to be a minimal amount of remnant 
dolomite-CCA in a limestone to provide the ingredients necessary for large-scale 
dolomitisation at a later time as the rock is exposed to water or air.  
 
The change in calcification for experimental growth in experiment 2 presented in chapter 
8 is problematic. Future work to understand dolomite formation will firstly need to 
resolve this problem with experimental calcification. Possibly it is related to the size of 
the CCA chip used and this could be checked experimentally. Another issue for 
experimental work is the water source. Experimental tanks at Heron Island draw water 
from the reef flat. If, as suggested in this thesis, it is the quality of the enclosed water 
body that prevents dolomite formation in the P. onkodes, then using existing 
experimental facilities such as these could ensure experimental failure. An experiment to 
test this hypothesis would need to be undertaken before continuing to use these facilities 
for the purpose of CCA calcification studies.  
 
9.7 Suggestions for future work and concluding comments 
While this thesis work has answered many questions regarding the role of CCA P. 
onkodes in reef development, many more questions have been raised. Four key issues are 
identified for future work; 1/ development of experimental protocols that enable 
calcification to form as observed on the fore-reef, 2/ identify the organic molecules in 
CCA and identify those responsible for dolomite formation, 3/ understand what inhibits 
the formation of dolomite in the reef flat environment, 4/ and once the experimental 
problems have been addressed, then test the fracture toughness of CCA grown in elevated 
CO2.  Furthermore, if thicker laterally continuous crusts (2-3 cm thick and long) could be 
obtained, then pieces of CCA could be cut large enough for macro-scale testing such as 
3-point break and compression tests.  This would enable direct comparison to results for 
corals obtained for similar testing. Outside of the reef-building questions, many 
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interesting mineral features were documented that are worthy of further investigation.  
Future work could include Transmission Electron Microscopy (TEM) and spatially 
resolved XRD using a synchrotron to determine the crystallographic structure for the 
different mineral features. 
 
Using a combination of XRD, SEM and nanoindentation, the mechanisms underpinning 
the reef-building role of CCA have been identified and shown not to be what has 
previously been believed. The calcified cell walls do not, in themselves, enable the 
building of a thick crust in the high-energy tropical environment. Instead, dolomite lining 
of the cell interior is identified herein as the keystone process that enables crust 
preservation in the face of destructive processes of chemical dissolution, bacterial erosion 
and physical damage. The protection provided by dolomite looks to continue as CO2 
rises, but accelerated bio-erosion by bacteria is likely to be the destroyer of the crust-
building capacity of CCA. 
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Appendix 1  Chapter 8, Papua New Guinea survey data 
 
PNG Coralline species identification 
PNG coralline identification carried out by Adela Harvey, La Trobe University 
For CCA species identification, coralline algal specimens were decalcified in 0.6M nitric 
acid overnight, rinsed in water, stained in 5% aqueous potassium permanganate for 30 
min and rinsed again. They were then dehydrated in 30%, 60%, 90% then 100% ethanol 
for 30 min each and soaked in LR White resin (London resin Co., Reading, Berkshire, 
UK) overnight, before hardening in plastic boats/depressions, filled with resin and 
covered with plastic coverslips for 4 h in a 700 C oven. Specimens were cut into 12 µm 
sections with a microtome and made into permanent slides with Histo-Clear (National 
Diagnostic, Atlanta, GA) and Eukitt (O. Kindler, Freburg, Germanay). Specimens were 
identified by comparing morphological, anatomical and reproductive features with 
published species accounts 
 
 
 
 
Site Species 
Mol% 
MgCO3 
Dolomite 
Asymm. 
mol% Arag. 
Dolomite 
Asymm. 
difference Sample ID 
Control Sporolithon durum 17.2% 17.9% 5.3% 0.62% 
Ctrl Type1 
sample4 
Control sterile, not sectioned 18.2% 18.5% 9% 0.28% CCA 15 
Control sterile, not sectioned 18.5% 18.5% 0.0% 0.00% CCA1 
Control Sporolithon durum 18.7% 18.7% 
17.6
% 0.00% CCA2 
Control 
Hydrolithon sp 
(potentially onkodes) 18.3% 18.7% 15% 0.38% CCA 27 
Control Hydrolithon sp 18.3% 18.9% 4% 0.54% CCA 25 
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(potentially onkodes) 
Control Sporolithon durum 18.0% 18.9% 4.8% 0.86% 
Ctrl Type1 
sample2 
Control Sporolithon durum 18.4% 19.2% 4.5% 0.77% 
Ctrl Type1 
sample1 
Control 
Hydrolithon sp 
(potentially onkodes)? 17.9% 19.6% 
3.76
% 1.64% PNG5-B1  
Control Sporolithon durum 18.5% 19.7% 2.9% 1.15% 
Ctrl Type1 
sample3 
 
Average 18.2% 18.8% 
6.65
% 0.62% 
 
 
St. dev. 0.42% 0.54% 
5.58
% 0.51% 
 
 Vent sterile, not sectioned 17.0%      18.4% 0 1.43% CCA1 
Vent sterile, not sectioned 19.4% 20.6% 0% 1.23% CCA 21  
Vent 
Hydrolithon sp 
(potentially onkodes) 18.0% 19.1% 0% 1.12% CCA30 
Vent sterile, not sectioned 17.8% 18.2% 7% 0.42% CCA31 
Vent 
Neogoniolithon 
brassica-florida or 
Spongites fruticulosus 17.4% 18.5% 15% 1.07% CCA 23  
Vent Spongites 17.9% 20.6% 0% 2.70% DA 
Vent Spongites 18.3% 20.8% 0% 2.54% DB 
 
Average 17.97% 19.5% 
3.15
% 1.50% 
 
 
St. dev. 0.74% 1.16% 
5.95
% 0.83% 
 Table 1 All data for PNG crustose coralline alga by site 
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Site Species 
mol% 
MgCO3 
Dolomite  
asymm 
mol% Arag. 
Dolomite 
Asymm 
difference 
sample 
ID 
Control 
Hydrolithon sp 
(potentially onkodes) 18.3% 18.7% 15% 0.38% CCA 27 
Control 
Hydrolithon sp 
(potentially onkodes) 18.4% 18.9% 4% 0.54% CCA 25 
Control 
Hydrolithon sp 
(potentially onkodes) 17.9% 19.6% 3.76% 1.64% 
PNG5-
B1  
Vent 
Hydrolithon sp 
(potentially onkodes) 18.0% 19.1% 0% 1.12% CCA30 
 
Average 18.2% 19.1% 5.56% 0.92% 
 
 
St. dev. 0.23% 0.36% 6.46% 0.58% 
 
 Vent Spongites 17.9% 20.6% 0% 2.70% DA 
Vent Spongites 18.3% 20.8% 0% 2.54% DB 
 
Average 18.1% 20.7% 0.00% 2.62% 
 
 
St. dev. 0.24% 0.13% 0.00% 0.11% 
 
 
Control Sporolithon durum 17.2% 17.9% 5.3% 0.62% 
Ctrl 
Type1 
sample4 
Control Sporolithon durum 18.7% 18.7% 17.6% 0.00% CCA2 
Control Sporolithon durum 18.0% 18.9% 4.8% 0.86% 
Ctrl 
Type1 
sample2 
Control Sporolithon durum 18.4% 19.2% 4.5% 0.77% 
Ctrl 
Type1 
sample1 
Control Sporolithon durum 18.5% 19.7% 2.9% 1.15% Ctrl 
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Type1 
sample3 
 
Average` 18.2% 18.9% 7.03% 0.68% 
 
 
St. dev. 0.58% 0.67% 5.98% 0.43% 
 
 Control sterile, not sectioned 18.2% 18.5% 9% 0.28% CCA 15 
Control sterile, not sectioned 18.5% 18.5% 0.0% 0.00% CCA1 
Vent sterile, not sectioned 17.0% 18.5% 0 1.43% CCA1 
Vent sterile, not sectioned 19.4% 20.6% 0% 1.23% CCA 21  
Vent sterile, not sectioned 17.8% 18.2% 7% 0.42% CCA31 
 
Vent 
Neogoniolithon 
brassica-florida or 
Spongites 
fruticulosus 17.4% 18.5% 15% 1.07% CCA 23  
Table 2 All data for PNG crustose coralline algae by species 
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mol% MgCO3 
Asymm.  
Difference 
 
  
 
control Vent control Vent 
Vent  
No Spongites 
     
Average 18.2% 18.0% 0.6% 1.5% 1.05% 
St. dev 0.42% 0.74% 0.5% 0.83% 0.38% 
n= 10 7 10 7 5 
Statistical comparison 
   
 
Df 15 
 
15 
 
13 
t Stat 0.902 
 
-2.71 
 
-1.65 
p(T<=t) two-tail 0.381 
 
0.016 
 
0.12 
Table 3: Summary statistics for PNG CCA 
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Appendix 2  Problems with sample preparation, preservation 
and experimental procedures 
 
This appendix outlines problems encountered due sample preparation, preservation and 
experimental methods.  An organic film found over polished samples may be due to the 
mechanical polishing methods used. Samples re-examined by SEM after two years have 
unidentified crystals forming on the surface.  Embedding CCA in resin for experiments 
creates problems by stimulating hypothallial growth at the expense of the original crust 
calcification and possibly enables alteration of pre-experimental crusts.  Leaving sides 
exposed also creates problems with difficulty identifying new growth and unusual 
alteration of exposed sides.  Most problematically, CCA samples collected five years ago 
no longer resemble pristine crusts that were examined within 12-18 months of collection.  
Possibly hydrophilic compounds associated with dolomite within the CCA, absorb 
moisture and expand though the crust dragging magnesium and enabling 
remineralisation.  Issues with water source for CCA experiments are identified. 
Suggestions are made for future work to address these problems. 
 
Polishing for SEM 
To obtain the highest precision for EDS measurements the sample should be polished. 
The samples used in Nash et al. (2011) were first flattened manually with sandpaper, then 
embedded in resin and polished using a mechanical polisher with diamond paste (3 µm 
and 1 µm for 10 min each) with machine oil as lubricant. 18 months later these same 
samples were used for etching experiments (Chapter 7) in pH 8 for 1 hour.  SEM imaging 
after the etching showed that there was a thin  
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Figure 1: Examples of organic film on CCA. A. Gap between cell wall (CW) and 
dolomite lining (D) obscured by organic film. B. Fragments of organic film in trichocyte 
cells. C. Cell wall crystal features visible after film removal. 
 
film on the surface of the CCA that had been partially removed by the etching (Fig. 1).  
This patchy film covered the entire sample, obscuring fine features of the crust below, 
whereas adjacent crust without the cover yielded crisp images.  
 
The exact cause of the film is not known.  The samples had been collected a year prior to 
sample preparation and the imaged surface was freshly cut for the sample preparation.  
The possibility was considered that it was the carbon coat however the coating is only 
nanometres thick.  Most likely, the film is organic material from within the crust that has 
been drawn to the surface during the polishing process.  Red algae contain the 
polysaccharide agar, an opaque gel that is water-soluble (Philips and Williams, 2000). 
Methods to extract agar organics from red algae include drying, heating and re-hydrating 
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(Humm, 1962; Philips and Williams, 2000).  The mechanical polishing would have 
warmed the surface and the machine oil perhaps provide the hydration or it may have 
been the rinsing with water in between polishing that was sufficient.  It was beyond the 
scope of this study to investigate this cause of this film further but it is interesting to note 
that the organics within the CCA may possibly be rehydrated and mobilized post-
mortem. Agar has been used as a successful substrate in experiments to initiate dolomite 
nucleation (Zhang et al., 2012) and if this film was a result of mobilized organics then it 
raises the possibility that this process could take place on the open reef enabling the 
precipitation of dolomite external to the CCA and post-mortem.  
 
Changes over time 
There have been many surprises in the study of the P. onkodes crusts, but the following 
was entirely beyond prediction. 
 
Two of the CCA from experiment 2 in chapter 8 were re-examined using SEM with the 
aim to obtain higher resolution images than those made two years earlier.  The original 
SEM characterization of the resin CCA was undertaken from August 2013 to January 
2014, before the characterisation work in chapter 3 was complete.  With the benefit of 
two more years imaging fine crystal features in the CCA, these experimental CCA were 
returned to SEM to see if further information could be obtained about the changes in Mg-
calcite cell wall and inter-filament features over the duration of the experiment.   The 
samples originally had been cut with a diamond saw and lightly polished prior to SEM.  
They were carbon coated and mounted on an SEM stub with carbon tape.  After original 
SEM imaging the samples were stored in a plastic box, not air tight, on the SEM stub 
holders.  Other samples were stored in the same container.  This contain was kept in my 
office that had airconditioning in summer, heating in winter and did not experience 
extremes in temperature or humidity. No extra carbon coating was applied prior to the 
second round of imaging. 
 
Re-imaging revealed that patches of the surface were covered by micron-sized geometric 
crystals which were not present when imaged 2 years earlier (Fig. 2 A-F). These were 
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rich in chlorine but no sodium and were therefore not the salt, halite.  There were also 
halite crystals present that were covered with a fine organic film, these had been noted in 
the initial study and halite had been detected by XRD.  Upon focusing the SEM beam on 
the chlorine-rich crystals, these started to bubble, expand (Fig. 3) and resemble ooze.   
 
Figure 2: Comparison of CCA imaged in August 2013 and August 2015. A-C, Images 
from 2013.  CCA was embedded in resin and experimental growth is over the top of the 
resin. D-E, The same area imaged in 2015.  A and D are secondary electron images, B, C, 
E, F are back scatter imaging. D.  There are crystals present on the CCA and the resin 
that were not present 2 years prior. E. In BSE the crystals show up as darkened areas. F. 
Close up of white box in E, shows the crystals are generally cubic.  
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Closer examination showed the ooze either leaking from dolomite cells (Fig. 3) or 
restricted to the hypothallial new growth.  The ooze appears to push up the crust (Fig. 3 
C).  The crystals are concentrated in saw cut lines and other depressions or broken 
surface.  
 
Figure 3: Crystals associated with dolomite. A. While focusing the SEM beam, the 
crystals start to bubble and expand, losing the geometric shape. The crystals are 
associated with areas of dolomite and do not form from the Mg-calcite. B. Same image as 
A using secondary electron imaging. C. The organic material is oozing out from under 
the crust and possibly responsible for the slight crustal uplift. D. The crystals are 
concentrated along saw cut lines, similar to accumulating in a natural valley.  
 
 
The only explanation at this time for the formation of the surface crystals is that this is a 
hydrophilic compound, absorbing water from the atmosphere leading to the initial 
material expanding onto the surface. The only elements detected by EDS were chlorine 
and carbon.  Considering the reaction under the focused beam, the material is probably 
water-rich and volatile.  
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The presence of these organic crystals formed within 2 years offers another explanation 
for the film found in the previous samples polished for SEM. Those samples had been 
collected 12 months prior to preparation and were left in a room without particularly 
good temperature control. It is possible that there was already absorption of water and 
consequent mobilisation of organic material that was smeared across the surface during 
polishing for SEM. 
 
Magnesium from dolomite bleeding into Mg-calcite 
It had been noted on a few the samples that there sometimes were areas that did not have 
the clear features observed in the characterisation chapter.  Instead, it appeared in some 
cases, that magnesium was leaking from the cell lining into the surrounding Mg-calcite, 
blurring the cell edges.  This was noted in the samples used for experiment 2 above and 
samples examined as part of another project that had also been embedded in resin over 3-
12 months.  It can be seen in figure 3 that the dolomite lining does not appear the same as 
the sample characterized in chapter 5. There are no clear cell wall features, the interior of 
the cell is mostly filled and cracked. In the top of figure 3-C, above the white arrows, the 
dolomite cells are faded and the Mg-calcite area surrounding is darker grey than the Mg-
calcite in the lower part of the image, indicating higher Mg content.   
 
A working theory is proposed here that where the sample has been cut, placed in resin 
and returned into water, that the organics within the dolomite lining can be mobilised by 
the movement of water through the crust, leading to the spread of magnesium into 
surrounding Mg-calcite. 
 
After making this observation, other samples that had been collected 5 years ago were 
examined by SEM. For the original study of the discovery of dolomite, a large piece of 
CCA was broken into several pieces.  One of these was imaged in Nash et al. (2011) 
(H47).  This original piece was no longer available to re-image and another subsample 
was used. The subsample piece was cut by a band saw in January 2011, 13 months after 
the sample was collected. This had been stored in a plastic zip lock sample bag that was 
not air-tight and was kept in an office that did not have airconditioning or heating. The 
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original cut edge was imaged. The features are substantially different from those of 
typical P. onkodes. Practically, at first it seems difficult to focus the SEM but this is 
because the fine features are blurred by the changes to the crust (Figure 4).  
 
Figure 4: 5 year old crust. A. Overview. Clear cell shapes no longer visible. Dolomite 
lining no longer defines the interior of the cell shape. B. Close up – Mg-calcite ranges 
from 19-21.9 mol%.  The cell wall radial features are not visible and there is no clear 
delineation between cell wall and inter-filament area and dolomite-lining edges are not all 
clear. 
 
The differences in calcification of cell wall and interfilamanet regions are no longer 
visible and the dolomite lining appears to fade into the Mg-calcite surrounds.  Possibly 
the Mg content in the Mg-calcite inter-filament is higher than the average measured for 
chapter 5, but only two individual EDS measurements were taken.  Further analyses 
would need to be made to confirm the average Mg content of the altered Mg-calcite but it 
does appear that the magnesium has been mobilised, in comparison to pristine fresh 
samples. It was beyond the time frame available to carry out a detailed investigation into 
this alteration phenomena, but there are several important issues arising from these initial 
observations.  
 
The first relates to the practical issue of sample analysis.  The potential exists for the 
analytical results to be influenced by the time since collection and storage of samples.  In 
some cases samples were stored with silicon beads to remove moisture, these were not 
reimaged and therefore it cannot be determined if this method of storage prevents crustal 
alteration.  More problematically is the issue for SEM.  Many of the samples used in this 
study were imaged many times after the initial preparation as new questions were asked, 
in some instances 3 years later. If samples can change over time, then this places a time 
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constraint that has to be considered when planning analytical work.  Unfortunately there 
was not enough time to replicate the nanoindentation tests on the older, altered sample.  
However, a quick test array of 20 indents at 50 mN into the old crust had an 80% success 
rate (smooth curves and not broken curves) as compared to the typical 40-50% for the 
inter-filament regions. It would be interesting to see if the fracture properties changed 
considering this alteration may be a natural process on the reef for CCA that are not 
bioeroded by bacteria and instead remain intact, insitu but submerged in water. 
 
The second interesting consideration is how this magnesium mobilisation process can 
shed light onto natural dolomitisation of limestone at a reef scale.  Many of the large 
dolomite formations, for example the raised reefs of Okinawa (Ohde and Kitano, 1981) 
and Miocene Caribbean reefs (Fouke et al., 1996) are substantially dolomitised and also 
have calcified red algae fragments abundantly present throughout the dolomite.   
Potentially, if the mobiliation observed in this study, were to occur similarly in the 
natural environment over hundreds or thousands of years, then this may be the functional 
mechanism by which magnesium is transported through limestone to enable 
dolomitisation of large limestone formations. 
 
Embedding in resin v exposed cut sides 
Living CCA used in this study came from experiments that both embedded in resin 
(Experiment 2) and left the cut sides exposed (Experiment 3).  There are advantages and 
disadvantages for both methods. From this study, the advantage of embedding in resin is 
that the new growth layers can be reliable identified and easily removed for analyses.  
The disadvantage is that hypothallial growth forms down the sides between the CCA  
(Fig. 5 A) and resin and it looks likely that there is alteration of the enclosed crust due to 
the mobilisation of magnesium as described above.  This means that any comparisons of 
treatments using changes in weight may be influenced by rapid hypothallial growth and 
remineralisation.  Furthermore, determining changes in mechanical properties using 
indentation is problematic if the pre-experimental crust has undergone alteration during 
the experiment, thereby invalidating comparisons to new growth in experimental 
conditions.    
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Another disadvantage of using resin is that by creating a new substrate around the CCA 
chip, that is the resin, this promotes rapid hypothallial growth over the resin.  Again, this 
response to resin will make weight change results unreliable unless all samples have 
responded equally. The visible difference between experimental growth and pre-
experiment growth identified in experiment 2, is most likely due to the proximal 
hypothallial growth drawing on all energy (polysaccharide) reserves to fuel the new 
growth.  The chips in this experiment were small, ~1 cm3, and probably all active 
perithallus growth was being drained to support the rapid hypothallial growth over the 
resin surface.  This would explain why there was little dolomite detected within the 
experimental cells.  If this explanation is correct, then the problem could be overcome by 
using larger pieces, 3-4 cm3.  The centres of these would not be fueling the edge 
hypothallial growth and possibly this would enable continuation of normal growth after 
transplant to the experimental conditions. Larger pieces of corallines, 3-4 cm3, used by 
my collaborator Guillermo Diaz-Pulido, continue to grow healthily in experimental 
conditions (pers comm), although there has been no detailed SEM examination of these 
to check for changes in the thallus calcification. 
 
The advantage of leaving the sides exposed is that the CCA is not forced into putting on a 
burst of rapid growth over resin, although there may be hypothallial growth near the cut 
edges (Fig. 5 B).  The disadvantage is that the exposed edges can undergo 
remineralisation that is not typical for the natural environment (Fig. 5 C). Furthermore, 
without staining of the CCA it is difficult to absolutely identify where experimental 
growth commences.  
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Figure 5: Resin embedded CCA and exposed sides. A. CCA from experiment 2, chapter 7 
(control).  There is hypothallial growth between the cut side and the resin. B. CCA from 
experiment 3.  This was not in resin.  Evidence of hypothallial growth on surface, 
probably formed over the experiment where crust damaged during collection.  C. Cut side 
edge exposed to seawater has been remineralised.  This is not typical for the alteration 
processes documented at the exposed bases of CCA in chapter 5. 
 
Water source 
The results of the Heron Island survey, chapter 7, show clearly that dolomite does not 
form in the Heron reef flat P. onkodes. This raises a potential problem for experimental 
work on CCA at Heron Island.  All the water used for the on shore aquarium tanks, for 
example the dissolution experiment in chapter 6 and 7, is pumped from the reef flat.  
Therefore, any experiments aiming to understand calcification processes in the P. 
onkodes may be negatively affected by using the reef flat water source.  This may also be 
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an issue for water source from near shore areas, for example the AIMS experiments in 
Chapter 7.  Until the constraints on dolomite formation are identified, water used for 
experiments ideally should be sourced from outside the reef flat and away from terrestrial 
shorelines.  
 
Summary of sample preparation problems 
This appendix briefly touches on some of the challenges when working with CCA. Future 
work should aim to address the experimental problems raised here.  Most urgently would 
be to determine whether or not the water source influences the experimental results.  
Issues of embedding in resin can be easily addressed by having replicates that are not in 
resin.   It would be a simple experiment to determine the influence of chip size on growth 
response of CCA. Probably the biggest challenge is that posed by the alteration of the dry 
crust after collection.  This seems restricted to the dolomite areas, and presumably Mg-
calcite only samples would not undergo the same alteration. It would be very interesting 
to examine dolomite-rich CCA samples collected decades ago that are still stored in 
archives to determine the extent of magnesium mobilisation. 
 
 
Appendix references 
Fouke, B. W., Beets, C. J., Meyers, W. J., Hanson, G. N., & Melillo, A. J. (1996). 
87Sr/86Sr chronostratigraphy and dolomitization history of the Seroe Domi Formation, 
Curacao (Netherlands Antilles). Facies, 35, 293-320. 
 
Humm, H. J. (1962). Marine algae of Virginia as a source of agar and agaroids. Virginia 
Institute of Marine Science, report 37, 1-13. 
 
Ohde, S., & Kitano, Y. (1981). Protodolomite in Daito-jima, Okinawa.Geochemical 
Journal, 15, 199-207. 
 
Phillips, G. O., & Williams, P. A. (Eds.). (2009). Handbook of hydrocolloids. Elsevier. 1-
902. 
 433 
 
Zhang, F., Xu, H., Konishi, H., Shelobolina, E. S., & Roden, E. (2012). Polysaccharide-
catalyzed nucleation and growth of disordered dolomite: A potential precursor of 
sedimentary dolomite. American Mineralogist, 97, 556-567. 
  
 434 
Tables 
Table 3-1: Comparison of MgCO3 content calculated for d104 values using different 
calibration equations: Goldsmith et al. (1955) for Mg-calcite and ordered dolomite, 
and Zhang et al. (2010) for Mg-calcite and disordered dolomite. ............................. 69	  
Table 3-2: Unit cell parameters after refinement in Rietica. Mol% MgCO3 calculations 
for ordered dolomite using Goldsmith et al. (1955) and disordered using Zhang et al. 
(2010). ........................................................................................................................ 70	  
Table 3-3: n/d = no data. HMC: High magnesium calcite; H-HMC: Higher magnesium 
calcite. Dol: dolomite. BD: beyond dolomite. Calc Mg: calculated bulk Mg as per 
Rietica quantification. ICP Mg: bulk Mg concentration as per ICP-AES. The 
average difference (diff) is 0.3 mol%. Overall average difference = 0.26%. 
Magnesite samples excluded. .................................................................................... 72	  
Table 3-4: Calibration using 30% for the H-HMC phase and 95 mol% MgCO3 for both 
the dolomite 3 and beyond dolomite phase. Overall average difference 0.38 mol% 
MgCO3. ...................................................................................................................... 73	  
Table 4-1: Comparison of hardness using SEM measured contact area and Oliver and 
Pharr calculated area. ................................................................................................. 99	  
Table 4-2: Fracture toughness values calculate using both indent measurements and crust 
average for hardness and modulus. .......................................................................... 120	  
Table 5-1: Average mol% MgCO3 for inter-filament Mg-calcite compared to cell wall. 
Cell wall mol% MgCO3 is significantly higher (bold) than for the inter-filament 
region. ...................................................................................................................... 139	  
Table 5-2: Mol% MgCO3 for dolomite cell wall compared to infill. Cell wall is 
significantly higher. ................................................................................................. 183	  
Table 6-1: Mineral and crust features of fore-reef slope CCA. Endolith cover refers to the 
% of crust that was discoloured to green, which is indicative of endolith presences.
 ................................................................................................................................. 213	  
Table 6-2: Data for H13, averages and standard deviation. athis site was at the top edge 
and incorporated epithallus as well as Mg-calcite perithallus. b n for data are less 
than number of indents at the site when the load/ unload curves have broken on 
 435 
loading. c (n/n) is the number of successful indents over the total number of indents 
made. d load curves broke at the top and H and E not reliable, used average H and E 
from site K2 for KIc calculations. e 2 load curves were broken at the top, used H and 
E from one good curve of the three at this site for the KIc calculations. ................. 222	  
Table 6-3: Hardness and elastic modulus values for CCA HF12 and HF13. .................. 250	  
Table 6-4: Fracture toughness for CCA HF12 and HF13. .............................................. 252	  
Table 6-5: Maximum depth for 1mm spherical tip using 10 N load. .............................. 252	  
Table 6-6: Indent results for 3 mN load comparing properties of hypothallial dolomite 
cell wall and infill. ................................................................................................... 256	  
Table 6-7: Summary statistics for fore reef CCA hardness and modulus for the P-D crust.
 ................................................................................................................................. 259	  
6-8: Results for 10 N 1 mm indents. ................................................................................ 261	  
Table 6-9: Comparison of results from this study to published data. .............................. 268	  
Table 7-1: Comparison of mineral composition for the surface only to the bulk sample 
and the surface and bulk by habitat. Bold indicates significant difference. ............ 282	  
Table 7-2: Comparison of mineral and crust features by habitat. Bold indicates significant 
difference. ................................................................................................................ 284	  
Table 7-3: 1 mm thick crusts, comparison of mineral and crust features. Bold indicates 
statistically significant difference. ........................................................................... 286	  
Table 7-4: Summary of differences between fore reef and reef flat CCA, P. onkodes. .. 299	  
Table 7-5: Details of representative samples from the reef flat used for nano indentation.
 ................................................................................................................................. 302	  
Table 7-6: Summary ANOVA and test for honest significant difference (HSD) and T-test 
results comparing Fore reef to Reef flat CCA for hardness (top) and elastic modulus 
(bottom). .................................................................................................................. 306	  
Table 7-7: Average fracture toughness values for altered crust section in reef flat CCA 
and ANOVA results. ................................................................................................ 316	  
Table 7-8: Fracture toughness, hardness and elastic modulus for corals under CCA and 
fresh coral. ............................................................................................................... 318	  
 
  
 436 
Figures 
Figure 1-1: CCA on the reef. A. CCA forms growth substrate for coral. B. CCA removal 
requires hammer and chisel. Photo credit- Guillermo Diaz-Pulido. .......................... 15	  
Figure 1-2: Adapted from Woodroffe (2008). The algal ridge is more prominent on reefs 
that experience high-energy events. The algal rim provides a crucial shoreline 
protection service during severe storm events. .......................................................... 18	  
Figure 1-3: Examples of different coral and CCA assemblages on the Heron Island reef. 
A. Reef slope visually dominated by corals with a CCA substrate underneath and 
CCA growing over broken and dead corals to create new substrate. B. Inter-tidal 
corals with many encrusted by CCA. C. Scattered corals emergent at low tide in the 
reef flat. ...................................................................................................................... 19	  
Figure 1-4: Time series for reef development (adapted from Marshal and Davies, 1982) at 
One-tree Island, GBR. Reef development commenced 7500 years ago as sea level 
(S.L.) rose above the Pleistocene substrate. .............................................................. 20	  
Figure 1-5: Heron Island. A. Plan view of physiographic areas on Heron Is. (from Jell and 
Flood 1977) showing the CCA algal rim framing the reef. Lagoon-ward of the rim is 
the reef flat area of corals exposed at low tide and substantially encrusted by CCA. 
The sandy reef flat has scattered coral growth. B. Aerial photo of A. ...................... 22	  
Figure 1-6: Schematic of the different destructive processes eroding the reef structure. 
Chemical and bacterial erosion can increase as atmospheric CO2 and temperature 
increase. ..................................................................................................................... 23	  
Figure 1-7: Bioerosion damage to CCA by parrotfish and macro-borers. ........................ 24	  
Figure 1-8. Lizard Island CCA before and after Cyclone Nathan. A. Before. B. After. C. 
CCA continue to thrive after the cyclone. Corals growing above the substrate were 
dislodged by the cyclone. Photos supplied by Emma Kennedy, Griffith University.
 ................................................................................................................................... 25	  
Figure 1-9: Predicted sea surface pH changes for the range of IPCC RCP scenarios (Bopp 
et al., 2013). ............................................................................................................... 28	  
 437 
Figure 2-1: Map showing sample locations over a false-colour image showing the gross 
geomorphology and bathymetry of the reef regions. Adapted from Mathews et al. 
(2007). ........................................................................................................................ 42	  
Figure 2-2: Examples of different SEM settings. A. Unpolished sample 25mm working 
distance (WD), 15kV, BSE, carbon coated, 60 µm aperture. B. Polished, platinum 
coated, 11 mm WD, 15 kV BSE. 60 µm aperture. C. Same area as for B but with 
3mm WD, 3 kV, secondary electron imaging, platinum coating, 30 µm aperture. ... 46	  
Figure 2-3: Cross section schematic of an indentation section (Oliver and Pharr, 1992) 
using a sharp tip. h is depth. hc- contact depth, hmax- maximum depth, hs =hmax-hc, hf 
final depth after unload, a- width of contact from tip point to contact edge. ............ 49	  
Figure 2-4: A schematic load and unload curve for continuous nanoindentation. Stiffness, 
S, is the slope of the initial unloading curve. Curve for CCA sample. ...................... 49	  
Figure 2-5: Fracture measurement. A. Schematic of fracture indent. The average of crack 
length (c), indent impression (a) and length from edge of indent impression to crack 
extinction (l) are used in the fracture toughness equation. * indicates a Berkovich tip 
(Dukino and Swain, 1992). B. Example of fracture indent on coral. ........................ 52	  
Figure 3-1: Method proposed by Milliman et al., (1971) for categorising the different 
peak asymmetries of coralline algae. The relative importance of higher magnesian 
calcites within the coralline algae is reflected by the degree of asymmetry of the 
curve toward dolomite. Asymmetry is determined by the ratio of the symmetrical 
peak width to the asymmetrical peak width (Ws/Wa) and squatness by the ratio of 
peak height to total peak width (H/W). A. Jania natalensis; symmetrical, width ratio 
1.1, squatness 4.79. B. Lithothamnion indicum; Asymmetrical, width ratio 1.41, 
squatness 4.28. C. Porolithon craspedium; strongly asymmetrical, width ratio 1.73, 
squatness 3.48. The 2-theta-scale refers to the angle of measurement at which the X-
ray was diffracted. ..................................................................................................... 61	  
Figure 3-2: Adaptation of the curve assessment principle (Milliman et al., 1971) to 
identify the presence of dolomite (D) and magnesite (M) in a predominantly Mg-
calcite (Mg-C) CCA. A, B, The dotted curve is a symmetrical curve. The gap on the 
higher 2-theta side between the symmetrical curve and the overlaid curve indicates 
the presence of dolomite. The curve in B has a larger gap indicating relatively more 
 438 
dolomite than in A. C has a shoulder off the Mg-calcite peak towards the magnesite 
(M) peak position and this indicates the presence of magnesite. .............................. 63	  
Figure 3-3: Comparison of peak position by highest point (P1) versus the gravity-centre 
measurement (P2) of the EVA scan processing software. P1 is the highest point and 
17.7 mol% MgCO3 the corresponding calculated value using the calibration line 
equation from Goldsmith et al. (1955). The line vertically from the d value 2.9461 
intersects the curve above the commencement of the asymmetry portion 
(symmetrical curve dashed black line). By drawing a line across from this 
intersecting point and using the gravity centre d-spacing for the portion of the curve 
above avoids the influence of curve asymmetry (i.e. dolomite) on the calculated 
mol% MgCO3. ........................................................................................................... 65	  
Figure 3-4: Curve subtraction method to identify peak of the dolomite portion. A is the 
original scan with dolomite asymmetry. B is a symmetrical scan. C is the scan after 
B has been subtracted from A. The d-spacing of the peak of the residual dolomite 
curve is used to calculate its mol% MgCO3. The exercise can be repeated for scan C 
if there is substantial asymmetry remaining in the subtracted curve. D= dolomite 
(104) position. ............................................................................................................ 67	  
Figure 3-5: Application of the curve subtraction method to identify multiple phases of 
Mg-calcite minerals in an experimental dataset (full details in Ch. 8). There 
appeared to be a continuum of Mg composition from Mg-calcite towards magnesite. 
This was confirmed to be the case by SEM-EDS. The subtracted peaks were used as 
the starting cell parameters for cell refinement in Rietica for curve fitting to enable 
quantification of each phase range. ........................................................................... 68	  
Figure 3-6: Numerically capturing peak asymmetry due to the presence of dolomite and 
magnesite. A. Using the same gravity centre function in EVA as for Fig. 3-3, a line 
is drawn across to intersect d=2.925. B. The same process is applied to capture the 
entire area under the curve, incorporating the influence of magnesite. ..................... 75	  
Figure 3-7: Application of the selected area asymmetrical mol% MgCO3 method. A. 
CCA with magnesite has the highest MP4 mol% MgCO3 (collected fresh, Heron 
Is.). B. CCA from core drilled at Rodrigues Is. Indian Ocean 3.2 metres down core 
est. age 2670 yrs (Rees et al., 2005). A separate dolomite peak is clearly visible and 
 439 
the Mg-calcite has a lower mol% MgCO3 than for the fresh Heron Is. CCA. C. CCA 
from Rodrigues core, 50cm down, est. age 417 yrs. ................................................. 76	  
Figure 3-8: Utilising the asymmetry measurements. A. The mol% MgCO3 for MP1 and 
asymmetry mol% MgCO3 for MP2-4. B. Asymmetry difference. The differences 
due to dolomite are more readily visible after the preceding MP measurement is 
subtracted. The R core 320cm has less MP4 than PNG5, however the asymmetry 
difference shows that R core 320cm has a relatively greater amount of dolomite 
present. ....................................................................................................................... 77	  
Figure 3-9: Comparison of the asymmetry mol% MgCO3 compared to ICP-AES data. 
The asymmetry mol% does not replicate bulk Mg-content, but the ICP-AES results 
show agreement with the linear change in asymmetry mol% as total magnesium 
increase. ..................................................................................................................... 78	  
Figure 3-10: Micro XRD of intact CCA crust (100 µm beam width). A. (H47) Separate 
dolomite peak; considering the 100 µm beam width, this is likely to have been a 
dolomite filled conceptacle. CCA confirmed by SEM-EDS to have magnesite and 
dolomite (Nash et al., 2011). B. (H302) The dolomite peak shape changes for 
different parts of the crust, reflecting the heterogeneity of the mineralogy. 
Calculated diffraction patterns of end-members of calcite, ordered dolomite, and 
magnesite are shown at the bottom for comparison. C, Mg- bearing calcite; D, 
dolomite and Mg-rich dolomite; M, Ca-bearing magnesite. Figure supplied by H. 
Xu. ............................................................................................................................. 80	  
Figure 3-11: Subsampling of P. onkodes from Heron Is. A. Sample locations. B. XRD 
scans. A range of peak positions and asymmetry is found for the different sampling 
sites. The Mg-calcite position is comparable for all except the underneath that shifts 
towards lower Mg content. The surface has the least asymmetry while the mid-
layers have the most with a distinct shoulder toward magnesite for layers 2 and 3. . 82	  
Figure 3-12: Subsampling of the base of the crust by gently scraping off the friable grains 
resulted in an XRD scan with a clearly separated dolomite peak. The blue lines are 
the peaks for 50% disordered dolomite (Zhang et al., 2010) and red for 50% fully 
ordered dolomite. The ordering reflection positions are identified however ordering 
could not be proven or disproven from these results. ................................................ 83	  
 440 
Figure 3-13: XRD pattern of Rodrigues core CCA treated with acid. Ordering peak at 
(015) visible, possibly a double peak. Mg-calcite obscures (021) ordering peak 
position. Peak at (101) not visible. ............................................................................ 85	  
Figure 3-14: Comparison of ordering peaks (101), (015) and (021) for geologic dolomite 
of San Salvador (figure from Gregg et al., 2015) and overlaid with the XRD pattern 
for the acid-treated Rodrigues core CCA sample. The (015) ordering peak in the 
CCA is comparable to the geologic sample. The (101) peak is not clear and the (021) 
peak is obscured by the Mg-calcite peak. .................................................................. 86	  
Figure 3-15: Section of XRD scan for P. onkodes, control sample, collected from Davies 
Reef showing the (101) ordering peak and a split peak for the (015) ordering peak. 
The blue T’s are the peaks for disordered dolomite and the red for ordered dolomite.
 ................................................................................................................................... 87	  
Figure 3-16: Comparison of dolomite features in core CCA (A, B) and fresh CCA from 
Heron Island (C, D). A and C show dolomite cell lining features present in both 
samples. B and D show dolomite nano-rhombs also present in both samples. ......... 88	  
Figure 4-1: Coral used for indentation A. After polishing. B. SEM- despite macro scale 
porosity, areas of ~100 µm2 of homogenous surface allow indent grid arrays (white 
arrows). C. Enlargement of indent grid. .................................................................... 94	  
Figure 4-2: Testing for load-induced trends. A, B, Modulus compared to load and depth. 
C, D, Hardness compared to load and depth. ............................................................ 95	  
Figure 4-3: A selection of coral load and unload curves used for data presented in figure 
4-2. ............................................................................................................................. 96	  
Figure 4-4: Example of indent in coral used for area calibration. Ac -contact area. 
Scratches are from polishing. Fragment of skeletal material adjacent to indent. ...... 98	  
Figure 4-5: Example array of indents (marked by numbers) at 50 mN in CCA, load rate 
10 mN/s. ................................................................................................................... 100	  
Figure 4-6: Examples of 3 indents with corresponding smooth curves. A. Indent entirely 
in inter-filament area, H = 4.7 GPa, E = 62.8 GPa. B. Indent entirely in inter-
filament area, H = 3.4 GPa, E = 65.3 GPa. C. Two of the indent corners are on cell 
walls, remainder in inter-filament, H = 2.98, E = 55.5. ........................................... 101	  
 441 
Figure 4-7: Examples of indents with defective curves. A. Indent on cell walls has broken 
the cell walls. The curve has initial rapid displacement (arrow) at low load. B. Indent 
partially on inter-filament, cell wall and dolomite lining, cell wall appears to have 
depressed under the indent load. Load curve has pop-ins (arrows). C. Indent is in a 
dolomite-lined cell and there appears to be no contact of the tip-apex with the cell. 
The edges of the tip have made contact with the edges. Curve had rapid 
displacement at low load (lower arrow) and bumpiness on upper load curve (top 
arrow). ...................................................................................................................... 102	  
Figure 4-8: Tip area covering two composite units. IF is inter-filament area, Cell is cell 
including cell wall. .................................................................................................. 106	  
Figure 4-9: Stiffness of the crust influencing contact depth. ........................................... 106	  
Figure 4-10: Contact depth for 1mm tip indents for a range of loads. ............................ 107	  
Figure 4-11: Comparison of calculated area using calculated contact depth to SEM area 
measurement. The calculated area is generally higher than the imaged area. ......... 108	  
Figure 4-12: 10 N 1mm tip indent. A. (Secondary electron image) edges of indent are 
visible as charging where surface has cracked around the perimeter of the indent 
impression (yellow arrows). B. Same image as A in backscatter imaging, crack lines 
are visible. C. Perimeter measurement made using the Zeiss SEM software. ........ 109	  
Figure 4-13: Example of load / unload curves. A. 10 N, the curve is hysteretic indicating 
elastic-plastic response. B. 300 mN, less hysteresis indicating less plastic response 
and a shift to more elastic response. ........................................................................ 110	  
Figure 4-14: Transect of 10 N 1 mm tip indents starting from the base of the CCA crust 
up the crust to the top pink surface with crust types as per chapter 5. The modulus 
and maximum displacement change inversely. Letters on graph refer indent images 
(Fig. 4-15), DMC- dolomite lining, Mg-calcite cell wall and inter-filament intact; 
EB - endolithic boring; Mg in-fill -unidentified Mg- mineral and/ or magnesite; 
Arag- aragonite. ....................................................................................................... 112	  
Figure 4-15: Examples of 10 N 1 mm tip indents showing the crust complexity captured 
by the larger indents. White arrows in A, B, D and E indicate cracks at edge of 
indent impression. A. Base, altered, E = 6.4 GPa, Disp. = 19 677 nm, B. Alteration, 
E = 22.9, GPa, Disp. = 8 117 nm, white box enlarged in C. C. Close-up of white box 
 442 
in B, edge of indent impression (black arrow), indent above black arrow. D. Indent 
on edge of regrown conceptacle, E = 22.4 GPa, Disp. = 8 144 nm. E. Typical 
dolomite Mg-calcite area with endolithic boring (black arrow), E = 22.8 GPa, Disp. 
= 8 320 nm. F. Middle of indent in surface area with internal fracturing (arrow), E = 
15.3 GPa, Disp. = 11 087 nm. ................................................................................. 113	  
Figure 4-16: High load fracture indents in coral. A. Crack reaches edge of skeleton. B. 
Uplift around indent as competing mechanism of energy dissipation. C. Cracks 
interact with other indent. ........................................................................................ 115	  
Figure 4-17: Grid of increasing loads from 300 mN to 412.5 mN. Indents too near the 
internal branch edge lead to collapse of the skeleton. Inset: cracks propagate out 
from each indent edge. ............................................................................................. 115	  
Figure 4-18: Fractures off a 200 mN indent. A. Cracks propagate from each corner. None 
are visible radiating from the sides. B, C, D. Cracks are not deflected by defects in 
skeleton. ................................................................................................................... 116	  
Figure 4-19: Low load indents A. Cracks extending form only one edge. B. This may be a 
fracture or pre-existing defect. ................................................................................. 117	  
Figure 4-20: Example of 600 mN fracture indents. A. Mid crust- cracks propagate from 2 
corners and follow existing skeletal weaknesses or between cell features. B. 400 
microns below surface, no dolomite infill. Skeleton crushes under indenter tip. No 
crack propagation. Displacement for indent A is 2 842 nm, whereas the compressed 
indent in B has displacement nearly 3 times greater at 7 844 nm. .......................... 117	  
Figure 4-21: 10 N indents. A. Indent in mid crust. Cracks propagate from corners 
(arrows). B. Indent into area of crust with alteration ~400 microns above base. No 
crack propagation. ................................................................................................... 118	  
Figure 4-22: Scatter plot for fracture toughness values calculated using individual indent 
data and crust average for hardness and modulus. .................................................. 120	  
Figure 5-1: Non-geniculate CCA and geniculate coralline A. CCA P. onkodes in-situ at 
Heron Island. (Photo credit: Guillermo Diaz-Pulido). B. P. onkodes crust from 3 
metres depth. Green patches are endolithic micro-borers. C. Articulated geniculate 
coralline, Amphiroa anceps, in-situ Kirra reef (rocky reef), Gold Coast, Queensland. 
(Photo credit: Ian Banks). D. A. anceps sliced and prepared for SEM. .................. 125	  
 443 
Figure 5-2: Overview of coralline algae cell types (figure from Steneck, 1983). ........... 126	  
Figure 5-3: Working model of calcification for Clathromorphum compactum (figure from 
Adey et al., 2013). ................................................................................................... 127	  
Figure 5-4: SEM-BSE of P. onkodes crust from 6 metres depth, Heron Is. showing the 4 
crust layers pink epithallus, white crust- perithallus, perithallus with dolomite lining 
and basal cells, hypothallus. The pigmented pink band extends down from the 
surface to several hundred microns into the perithallus (white crust). CCA collected 
attached to coral substrate. ....................................................................................... 129	  
Figure 5-5: Overview of P. onkodes crust with wound repair bands. A. Multiple layers of 
wound repair. Base of crust has been altered by bacterial bioerosion. Black box 
enlarged in B. B. Dolomite hypothallial cells grow over damaged crust. ............... 130	  
Figure 5-6: Location of epithallus, E-M type crust. ........................................................ 131	  
Figure 5-7: SEM of surface pink epithallial cells, view of the top of the CCA (or top 
down view). A. Five-six sided geometric shape is typical of these surface cells. 
Holes are pit connectors that vertically join one cell to the cell above/below. B. 
Platelet Mg-calcite on surface. ................................................................................ 132	  
Figure 5-8: Example of epithallus separated from perithallus (white arrow). Cross-section 
through CCA. Dark material in top left is the crystal bond used to attach the CCA 
sample to the metal stub. ......................................................................................... 133	  
Figure 5-9: A. Orientation of cell wall and inter-filament Mg-calcite. B. With SEM 
contrast changed to highlight inter-filament crystals behind the organic membrane.
 ................................................................................................................................. 134	  
Figure 5-10: Location of Mg-calcite only perithallus, P-M type crust. ........................... 135	  
Figure 5-11: Cell walls. A. Overview of Mg-calcite layers with separated epithallus 
above. White box enlarged in B. B. Close up of Mg-calcite cell walls and inter-
filament (IF) area. Black box enlarged in figure 12. ............................................... 136	  
Figure 5-12: Enlargement of cell corners and inter-filament. A. Close up of radial cell 
wall crystals orientated perpendicular to cell wall. Inter-filament crystals are sub-
parallel to cell wall. B. Radial crystals are made up of a long crystal, stacked shorter 
crystals or long crystals with regular growth interruption. This growth interruption 
appears as either a termination of the crystal or narrowing of the width both 
 444 
occurring along the same plane thereby providing the banding appearance. An 
organic mesh is visible at the edge of cell wall. ...................................................... 137	  
Figure 5-13: Mg-calcite layers where internal bioerosion has exposed the microstructures 
of the cell wall (CW) and inter-filament (IF). A. Overview. B. Stacked Mg-calcite 
grains in cell wall and randomly orientated inter-filament grains. C. Grains in the 
lowest layer of the cell wall sit in an organic mesh. ................................................ 138	  
Figure 5-14: Example of individual SEM-EDS spot measurements for mol% MgCO3 
taken 4 cell layers below the surface epithallus. ..................................................... 140	  
Figure 5-15: Location of perithallus with dolomite cell lining, P-D type crust. ............. 141	  
Figure 5-16: Overview of typical dolomite lining of Mg-calcite cells. Dolomite is darker 
grey. Darkest-grey to black indicates surface topography or a hole. ...................... 142	  
Figure 5-17: Overview of dolomite lining and Mg-calcite cell wall typical for the 
P. onkodes. Impression in lower left corner is from nanoindentation. .................... 143	  
Figure 5-18: 10 bands in Mg-calcite cell wall. Bands are continuous but not of consistent 
thickness with a visible thickening in the corners. .................................................. 144	  
Figure 5-19: Dolomite lining and magnesite cell infill. A. BSE of a fractured unpolished 
sample. Dolomite forms a continuous lining of nano-rhombs (enlargement). B. SE of 
cell with dolomite lining and magnesite infill. C. Banding of grey shade in dolomite 
lining indicates there is a banding of Mg content (polished sample). ..................... 145	  
Figure 5-20: Bioerosion exposes fine structures that are not visible on the flat polished 
surface that has been coated with platinum. A. Dolomite layers appear continuous. 
B. Four layers are clear in the dolomite lining and there is a fine radial structure 
within the bands. ...................................................................................................... 146	  
Figure 5-21: Dolomite nano-rhomb lining. A. Cell lining with typical ~100-300 nm3 
rhombs and random larger. B. Nano-rhomb lining with cell in-fill by submicron 
rhombs. .................................................................................................................... 147	  
Figure 5-22: Lumpy dolomite lining. A. Dolomite present as a continuous lining of 
lumpy dolomite. B. Close up shows fine scale nano-rhombs. ................................. 148	  
Figure 5-23: Dolomite lining with a chunky infill. A. Overview of mid-crust layers with 
dolomite lining and chunky infill. B. Dolomite infill is clumps of dolomite. ......... 149	  
 445 
Figure 5-24: Trichocyte cells (hair cells) with dolomite lining, fractured unpolished 
samples. A and B. Cells have continuous dolomite lining and additional spheroidal 
lumps of dolomite. C. Extra dolomite lumps originate lowest corners of these cells 
(were at this angle in original CCA crust). .............................................................. 151	  
Figure 5-25: Dolomite spheres in cell. There is continuous dolomite lining, as well as 
suspended dolomite spheres. Composition confirmed by BSE imaging and 
individual spot analysis. .......................................................................................... 151	  
Figure 5-26: XRD pattern of scrapings from a dolomite-enriched CCA base (H302). The 
friable base material was scraped from under the crust. There is a clearly separated 
dolomite peak. ......................................................................................................... 153	  
Figure 5-27: A-F Figure 6 from Rodrigues-Blanco et al., (2015). FEG-SEM images of the 
different solids that formed in the experiments: (A) precursor Mg-ACC 
nanoparticles; (C) proto- dolomite; and (E) dolomite. Images at right (B, D, F) 
show details of the Mg-ACC nanoparticles and the proto-dolomite and dolomite 
crystallite subunit sizes. G, H, images of CCA dolomite with comparable crystal 
shapes to experimental obtained dolomite. .............................................................. 154	  
Figure 5-28: Location of altered basal perithallus, A-V type crust. ................................ 156	  
Figure 5-29: Overview of alteration at base. White box enlarged in figure 30. .............. 157	  
Figure 5-30: Alteration at base of crust. A. Bacteria penetrate at base and move up crust 
creating a porous alteration front as it colonises up the crust. B. Bacterial destruction 
starts in the inter-filament Mg-calcite and then attacks the external cell wall. C. The 
boring traces are in-filled with Mg-calcite in the former inter-filament and cell wall 
areas. Cells may be in-filled by aragonite or Mg-calcite. ........................................ 158	  
Figure 5-31: Bacteria penetrate first through the boundary between the cell walls and 
filaments. These borders remain visible after re-mineralisation of the Mg-calcite. 
Dolomite nano-rhomb lining appears unaltered. A.SEM-BSE 300 microns up from 
base. B. SEM-SE of A. ............................................................................................ 159	  
Figure 5-32: Clumps of nano-rhombs in cell above alteration layers near base. Mg-calcite 
cell wall has been eroded by bioerosion. Dolomite lining intact. Sub-micron gap 
between dolomite lining and remnant cell wall has fragments of Mg-calcite possibly 
 446 
lodged there during sample preparation but no remineralisation comparable to the 
cell wall and inter-filament areas. ............................................................................ 160	  
Figure 5-33: A. Altered region ~100 microns above base edge. B. Alteration process 
creates gap between dolomite lined cell and re-precipitated Mg-calcite. C. Cell wall 
and inter-filament crystal characteristics are destroyed by the bacterial alteration. 161	  
Figure 5-34: Unpolished samples showing relief created by bacterial boring into Mg-
calcite. A. Swiss-cheese texture destroys crust surrounding dolomite-lined cell 
leaving dolomite lining cell-casts intact. B. As the Mg-calcite is removed the 
dolomite cell-cast sits in relief above surrounding surfaces. The interior of this cell 
has in-filled with Mg-calcite. ................................................................................... 162	  
Figure 5-35: Overview of bacterial process in P. onkodes Tawali, Papua New Guinea A. 
Close up of bacterial bioerosion tracks B leaving dolomite lining appearing polished. 
B. Overview of location for A. C. The transition between the intact P-D crust and 
the CCA transformed to aragonite underneath shows a 'break up' zone where 
fragments of dolomite cell casts are visible beneath the intact crust. D. Overview of 
sample. E. Boring traces in Mg-calcite (arrows). Dolomite cell casts appear polished 
after removal of Mg-calcite. F. E imaged by secondary electron. ........................... 163	  
Figure 5-36: Exposed base (A) of CCA on coral substrate (B). ...................................... 164	  
Figure 5-37: Location of hypothallus, H-D type crust. ................................................... 166	  
Figure 5-38: Overview of crust with hypothallus layers intact on top of coral substrate. 
White boxes enlarged in Figures 5-39, 40, 41, 42. BSE shows the hypothallus is 
enriched in magnesium relative to the overlying perithallus. .................................. 167	  
Figure 5-39: Three typical cell formations observed in the hypothallus. A. Perithallial 
cells with dolomite cell walls and minimal or absent inter-filament calcification, 
white box enlarged Fig. 5-40. B. Transition from dolomite hypothallial cells to 
typical perithallial cells. White box enlarged in Fig. 5-41. C. Alteration of 
perithallial cells. White box enlarged in Fig. 5-43. ................................................. 168	  
Figure 5-40: Dolomite hypothallial cell walls. A. Individual EDS spectra show that cell 
wall composition is in the dolomite range from 39.7 to 50.7 mol% MgCO3. B. There 
is minimal inter-filament Mg-calcite between the dolomite cell walls. Cell fusion 
and primary pit connectors are both present. C. Close up of the dolomite cell walls 
 447 
shows banding within the cell wall, radial crystal formation perpendicular to the cell 
wall, banding appears due to stacking of shorter crystals, similarly to the Mg-calcite 
cell walls of the perithallus. ..................................................................................... 169	  
Figure 5-41: Transition from dolomite cell walls to thin Mg-calcite cell walls. A. 
Overview of transition. B. Cell walls of Mg-calcite, thin dolomite lining, thick inter-
filament Mg-calcite between vertical edges. C. Close up of horizontal cell edges. D- 
dolomite, CW- cell wall, IF- inter-filament. ............................................................ 170	  
Figure 5-42: Transition from hypothallus to perithallus. A. Overview. B. Close up of 
transition cells. C. Close up of cell wall with dolomite lining and inter-filament Mg-
calcite. ...................................................................................................................... 171	  
Figure 5-43: Hypothallus with alteration. Numbers are EDS mol% MgCO3. Dolomite cell 
wall is retained. Inter-filament is Mg-calcite and cells are may also be in-filled with 
Mg-calcite. ............................................................................................................... 172	  
Figure 5-44: Alteration in hypothallus. Dolomite cell walls retained, outer cell wall 
membrane peeling away from inter-filament edge. ................................................. 173	  
Figure 5-45: Banding visible at micron and nano-scale in dolomite cell wall. A. Cell with 
dolomite cell wall and Mg-calcite infill. B. Banding remains in dolomite cell wall. 
C. Locations of A and B. ......................................................................................... 174	  
Figure 5-46: Dolomite cell wall with desiccation cracks. A. Overview. B. Holes in the 
middle of the Mg-calcite cell are from EDS beam damage. C. Dolomite cell wall has 
the appearance of mud cracks. ................................................................................. 175	  
Figure 5-47: Section of hypothallus with fragmented cell parts A. Overview. B. Close up. 
Dolomite cell wall and inter-filament fabrics remain intact despite Mg-calcite 
remineralisation in surrounding areas. ..................................................................... 176	  
Figure 5-48: Locations of wound repair. This is an example only. Internal repair may 
occur anywhere within the crust and not always visible without a SEM. ............... 177	  
Figure 5-49: Wound repair in mature crust. A. Dashed bracket suggests region of damage 
that re-growth seeks to cover. It appears that cells adjacent to the wounded area 
change growth to elongated dolomite cells and grow up and over damaged area 
rather than a regeneration of the wounded area. Cells beneath the switch to dolomite 
cells are empty of dolomite infill. B. Width of crust sourced for wound repair. ..... 178	  
 448 
Figure 5-50: Sample fractured and not polished A. Showing internal topography in re-
growth areas. B. Minor Mg-calcite inter-filament crystals surround dolomite cell 
walls. Sample collected Lizard Is. Nov 2009, 9 metres, reef slope. ........................ 180	  
Figure 5-51: Repair growth mid-way down crust. Presence of the unidentified magnesium 
mineral below the repair growth is common in the crusts so far examined. ........... 181	  
Figure 5-52: Close up of transition between dolomite cell wall and inter-filament. A. 
Minimal inter-filament between dolomite cell walls. Low relief mounding of the 
dolomite interior. B. Inter-filament grains orientated parallel to cell wall and random 
vertical orientation. This is the same crystal alignment documented for inter-
filament Mg-calcite in the epithallus and perithallus. C. Close up of cell wall vertical 
edge. Coarse vertical alignment is indicated by the fracturing pattern within the cell 
wall. There is no evidence of Mg-calcite cell walls. D. Position of close-ups in re-
growth layer. ............................................................................................................ 182	  
Figure 5-53: Dolomite cell wall and infill in re-growth area. Selection of EDS spectra for 
mol% MgCO3 taken in this area. Cell walls have consistent higher Mg content than 
infill (Table 5-2). ..................................................................................................... 183	  
Figure 5-54: A combination of wound repair and new settlement hypothallial growth over 
an aragonite vermetid tube. Box A enlarged in Fig. 5-55, box B enlarged in Fig. 5-
56. ............................................................................................................................ 184	  
Figure 5-55: Panel A in Fig. 5-54. A. Transition from Mg-calcite cell wall to dolomite 
repair growth. B. Individual EDS spectra mol% MgCO3. Walls change from thick to 
thin as the Mg content increases. Switch in growth is abrupt and occurs within one 
cell layer. ................................................................................................................. 185	  
Figure 5-56: Close up of dolomite hypothallial repair growth in Fig. 5-54. A. Overview 
of structure. Cell fusions and pit connectors present. B. Close up of dolomite cell 
wall and inter-filament, no Mg-calcite cell wall visible. C. Area in backscatter 
electron imaging showing magnesium enrichment and individual EDS spectra 
measurement. ........................................................................................................... 186	  
Figure 5-57: Inter-filament Mg-calcite. A. Inter-filament Mg-calcite wedges apart 
dolomite cell walls. B. Inter-filament Mg-calcite grains nest in an organic mesh. . 187	  
 449 
Figure 5-58: Conceptacle types. A. Infill by dolomite and magnesite following the 
organic substrates within the conceptacle. Partial re-growth of cells into the 
conceptacle space. B. Lower row shows complete re-growth of conceptacle by cells.
 ................................................................................................................................. 189	  
Figure 5-59: A. Aragonite and dolomite in-filled conceptacle. B. Conceptacle after 
decalcification and prior to formation of reproductive structures. .......................... 190	  
Figure 5-60: Dolomite nano-rhombs encasing inside and outside of remnant organic 
filament in conceptacle (arrow). .............................................................................. 190	  
Figure 5-61: Conceptacle dolomitised by nano-rhombs. A. At low-resolution formation 
looks like lumps of dolomite encasing the remnant organic structures. B. At higher 
resolution, the lumps are revealed to be agglomerations of dolomite nano-rhombs.
 ................................................................................................................................. 191	  
Figure 5-62: Lumpy dolomite with organic film in conceptacle. White box in C enlarged 
next figure. A. Conceptacle infill by lumpy dolomite. B. Organic film over organics. 
C. Lumps do not have well-formed crystals. White box enlarged in figure 63. ...... 192	  
Figure 5-63: Close-up of white box in previous figure. A. cross section of lumpy 
dolomite. The surficial micron has a vague pillar structure but there is no internal 
structure visible. B. Surface of the lumps. There is no indication of nano-rhombs.193	  
Figure 5-64: Close-up of dolomite cell wall in re-grown conceptacle. The surface appears 
flat with poorly developed crystal faces. Removal of organic membrane covering 
(probably by the etching treatment Chapter 7) reveals that dolomite crystal faces are 
well developed. ........................................................................................................ 194	  
Figure 5-65: Magnesite in conceptacle. A. Conceptacle has probably been bored by bio-
eroders allowing magnesite needle clump to form. B. BSE showing magnesium 
enrichment in conceptacle. C. Close up of magnesite needles. ............................... 195	  
Figure 5-66: Banding within cell wall exposed after localised remineralisation. A. 
Banding visible within cell space. B. Most Mg-calcite has been removed after 
exposure. C. BSE overview. D. Overview showing both A and B in secondary 
electron imaging. ..................................................................................................... 201	  
 450 
Figure 5-67: Natural etching has exposed details of radial Mg-calcite structure. A. 
Organic filaments entwined between and within Mg-calcite crystals. B. Crystal 
terminations are controlled by internal organic laminar bands. .............................. 203	  
Figure 5-68: Overview of etched cells with organic mesh exposed. A and B are same cell 
with differing imaging settings. ............................................................................... 204	  
Figure: 5-69: Model of cell wall and dolomite calcification. A. Photosynthetically active 
cell layer. Radial orientation of Mg-calcite cell wall crystals. Inter-filament Mg-
calcite is randomly orientated. Polysaccharides build up in cell. Red box enlarged in 
B. B. Organic micro fibrils run perpendicular to cell wall membranes and act as 
nucleation substrate for Mg-calcite. C. Hypothallial growth draws upon stored 
polysaccharides and forms cell walls of dolomite instead of Mg-calcite. D. 
Polysaccharides act as nucleation substrate for dolomite when they have not been 
drawn upon for hypothallial growth. ....................................................................... 207	  
Figure 5-70: Ideal cross section of CCA. Flat epithallus cells at the surface (E-M). The 
shallow perithallus has only Mg-calcite cell walls (P-M). Beneath the P-M cells are 
lined with dolomite (P-D). Wounded area is infilled with an unidentified Mg-
mineral and overgrowth by dolomite hypothallial cells. Cells immediately beneath 
the switch to hypothallial growth are empty of dolomite. Where an epilithic growth 
has formed on the surface, the CCA responds with rapid dolomite hypothallial 
growth over the intruder. Details not to scale. ......................................................... 208	  
Figure 6-1: Overview of CCA HF13 used for mechanical properties overview. A. Sample 
location on the reef. B. Sample after collection. C. Close-up of sample and piece 
used for SEM. .......................................................................................................... 214	  
Figure 6-2: Indentation sites for HF13. SEM-BSE images stitched together. Triangles- 
Berkovich tip. Circles- Spherical tip. ...................................................................... 215	  
Figure 6-3: Map of fracture results and 50 mN hardness and modulus for HF13. 
Labeling- Knc 1.8 is KIc for site n; Cn is compression at site n; AC- Altered zone, 
compression; AKnc 4 – Fracturing in altered zone at site n; PAC1- Alteration patch 
in perithallus with compression at site n; PAK- Alteration with fracturing in 
perithallus at site n; M1-6 – mechanical properties hardness and modulus measured 
at 50 mN. All H and E units GPa, KIc units Mpa m-1/2. M14 is aragonite patch. .... 217	  
 451 
Figure 6-4: A. Hardness and B. Elastic modulus results for HF13. Mg-calcite is the top 
~500 microns, Dol. Mg-calcite is the perithallus down to ~500 microns above the 
base. The transition zone is ~200 microns wide and altered base, ~300 microns 
wide. P values are in bold beneath red stars indicating significance. Modulus values 
for M5 and M1 were close to significantly different. .............................................. 218	  
Figure 6-5: 50 mN indents into Mg-calcite perithallus ~500 microns below the surface 
(site M7). ................................................................................................................. 223	  
Figure 6-6: Examples of indents into dolomite-lined cells at site M6. A-D. The dolomite 
lining appears to provide extra support to the adjacent skeleton even where the 
indent is only partially on solid substrate. (n) are indent numbers shown in overview 
figure 4-5, chapter 4. D – dolomite. ........................................................................ 224	  
Figure 6-7: Indent grid in area of alteration at site M5. A. Overview. B. Grid. C. Close up 
of indent in white box in B. ..................................................................................... 225	  
Figure 6-8: Site M3 in area of active bacterial bioerosion, only 4 of 28 indents had 
unbroken load curves. Area below indent grid appears to have less porosity 
indicating remineralisation post-bacterial erosion has taken place. ........................ 226	  
Figure 6-9: Internal crust alteration. A. Site 10 overview. B. Site 10 indents. C. Site 11 
overview. ................................................................................................................. 227	  
Figure 6-10: Indents site in conceptacle band. Patches with aragonite infill. Conceptacles 
have cells regrowth. ................................................................................................. 228	  
Figure 6-11: Map of fracture resistance in P. onkodes HF13. Crust types following 
chapter 5 categories. ................................................................................................ 229	  
Figure 6-12: 600 mN fracture indent in Mg-calcite layer. A. Overview. B. Multiple 
cracks within the indent, no cracks propagating from the corners. Cell wall collapses 
into the cell spaces. Black material is organic material rich in magnesium that in 
some cells was observed partially mineralised (unidentified mineral). ................... 232	  
Figure 6-13: 5 N indents into the Mg-calcite crust 500 microns below the surface. A. 
Overview. B and C close ups. D. Close up in BSE highlights cracking features. ... 233	  
Figure 6-14: 600 mN fracture indent upper mid crust. A. Overview. B. Pre-existing micro 
cracks (joins) between cell walls and inter-filament absorb energy. ....................... 234	  
 452 
Figure 6-15: Fracture indent in dolomite Mg-calcite crust. A. Pile up at edge of indent. B. 
Cracks initiate off centre from the indent corner and stop at changes in mineral 
types. C. Close up of pile up in A. ........................................................................... 235	  
Figure 6-16: 600 mN indents into dolomite Mg-calcite crust. A. Pre-existing cracks show 
travel preference. White box enlarged in figure 6-17. B. Crack deflection following 
cell outlines. ............................................................................................................. 236	  
Figure 6-17: Box enlarged from figure 6-16 A. Path of indent crack deflects with each 
change in mineral type. Indent edge lower left corner. ........................................... 237	  
Figure 6-18: Fracture indent at 9 N. ................................................................................ 238	  
Figure 6-19: Indents into dolomite conceptacle. A. 600 mN fracture indent, dolomite 
infill collapses under load. B. Dolomite piles up and cracks do not extend from both 
corners. C. 30 mN indent into conceptacle dolomite. Fractures are induced even at 
this low load and there is pile up. ............................................................................ 239	  
Figure 6-20: 600 mN fracture indent in base altered area. A. Overview with transition 
from active bioerosion band to remineralised crust. B. Micro-porosity absorbs crack 
energy. C. Skeleton has not collapsed into cell space. ............................................ 241	  
Figure 6-21: 10 N load setting but only loaded to 8.4 N. Crack across the crust appears to 
be from the indent pushing the crust apart towards the edge. ................................. 242	  
Figure 6-22: 600 mN indent in CCA edge compared to coral. A. 600 mN indent. Cells in 
top half are in-filled indicating alteration in agreement with proximity to the borer 
tunnel. B. Indent grid in coral. C. Cracking along edge of CCA indent with mineral 
feathering into cell. .................................................................................................. 243	  
Figure 6-23: 600 mN fractures 2 and 3. A. Overview of transition from Mg-calcite crust 
to a patch of alteration with cell infill by aragonite and the unidentified Mg mineral. 
B. Fracture 2 with compression response similar to fracture 1. Organic material 
infilling cell space is rich in magnesium but does not have a clear crystalline form. 
C. Fracture 3 into alteration patch. Corners of indents are in cell spaces and there are 
no visible cracks forming on the other sides of the cells. White box enlarged in 
figure 6-24. .............................................................................................................. 244	  
 453 
Figure 6-24: Close up of white box in figure 23 C. A. BSE image shows aragonite and 
magnesium-rich mineral in-filling cell. B. SE of same site. C. Close up of aragonite 
and Mg-rich mineral. ............................................................................................... 245	  
Figure 6-25: 5 N fracture indent into alteration with cell in-filled by unidentified Mg-rich 
mineral. A. Overview. B. Close-up of cell infill compressed by load. .................... 246	  
Figure 6-26: 5 N indent in altered crust adjacent to M10 hardness and modulus site. Holes 
within the indent area do not prevent fracture resistance. KIc = 1.61 MPa m1/2. ..... 247	  
Figure 6-27: 5 N indent in altered dolomite crust. A. Cells are in-filled indicating 
alteration. Cracks propagate from each corner. B. Overview of indent site in 
alteration band. There is a high abundance of visible bioerosion compared to pristine 
crust. Area at base of image has the tops of regrown conceptacles (C) visible and 
minor alteration associated with that process. ......................................................... 248	  
Figure 6-28: Indent sites on HF12. (Photo). Numbered indents imaged in figures 6-31, 
32. ............................................................................................................................ 249	  
Figure 6-29: Map of fracture resistance of P.onkodes HF12. ......................................... 251	  
Figure 6-30: 5 N indent in dolomite Mg-calcite A. Crack dissipates in cell. B. Dolomite 
breaks as sheet. ........................................................................................................ 253	  
Figure 6-31: HF12 5 N fracture indent (No.12) in altered base KIc 2.2 MPa m1/2. A. 
Overview. Crack propagation behaves differently to the unaltered P-D crust. B. 
Cracks travel through dolomite-lined cell but do not continue into altered Mg-calcite 
crust; instead cracks are deflected along the gap between the two mineral types. .. 254	  
Figure 6-32: 3 N indents into dolomite hypothallial regrowth (HF12). A, B. Indent sites 
and SEM and in-situ imaging during indentation. C, D. Mineral composition and 
overview from Chapter 5. ........................................................................................ 256	  
Figure 6-33: Scatter plot for hardness and modulus values for hypothallial dolomite. ... 257	  
Figure 6-34: HF14. A. Indent sites (BSE image), extra 10 N 1mm spherical tip indents 
were made in coral extending below this image. B. Map of fracture properties. .... 258	  
Figure 6-35: 600 mN indent in HF14 dolomite Mg-calcite. Dolomite peels off as a sheet 
and the cell walls show feathering similarly to the Mg-calcite only layers. ........... 260	  
Figure 6-36: 600 mN indent into HF14 hypothallus. A. Overview. B. Close up. Although 
there is dolomite lining in the hypothallus transition zone, this does not prevent 
 454 
collapse of the skeleton into the cell spaces. C. This are of the hypothallus either has 
a dolomite cell wall or it is a very poorly developed Mg-calcite cell wall. ............. 262	  
Figure 6-37: Box plots of modulus and hardness results for coral under HF14 compared 
to fresh coral (chapter 4) and aragonite cement in CCA (HF13). ........................... 263	  
Figure 6-38: Coral under HF14. A. Overview. B. Two fractures both at the same load. 
Fractures are stopped by micro-boring holes (inset). Indent near internal edge 
collapses ................................................................................................................... 264	  
Figure 6-39: A model of cementation processes by fore reef CCA combining crust 
features and measured mechanical properties. ........................................................ 269	  
Figure 6-40: Schematic of extra load required to break thickened CCA. w – width, h – 
height. ...................................................................................................................... 272	  
Figure 7-1: Sample sites on Heron Island with cross section profile of depths and number 
of samples. ............................................................................................................... 278	  
Figure 7-2: Examples of habitat and sampling. A. CCA and coral community on the 
shallow reef crest in the fore reef. B, C. Collection method of P. onkodes using 
hammer and chisel. D. Reef flat CCA community. Photo credit- Guillermo Diaz-
Pulido. ...................................................................................................................... 280	  
Figure 7-3: Comparison of mol% MgCO3 for the pink surface to the bulk crust. No 
difference for the surface between habitats but the bulk mol% MgCO3 was 
significantly higher for both habitats (★). .............................................................. 283	  
Figure 7-4: Results for XRD, crust thickness and endolithic coverage measurements. ★
indicates significant difference. ............................................................................... 285	  
Figure 7-5: Comparing results for reef flat and fore reef using only 1 mm thick samples. 
Legend as per figure 7-4. ......................................................................................... 286	  
Figure 7-6: Comparison of endolith colonisation in reef flat (HF40) and fore reef CCA 
(HF13). Top row, photos of CCA, green discolouration is from the endoliths. 
Bottom row: SEM-BSE of boxed area in photos. White box enlarged in Fig. 7-7 A.
 ................................................................................................................................. 288	  
Figure 7-7: Bioerosion in reef flat CCA. A. Prolific boring by Mastigocoleus in the base 
of reef flat CCA (HF40) has moved most the calcium from the patch of skeleton. 
 455 
Spot EDS shows the composition is approaching 100% magnesium. B. Calcium 
removal from Mg-calcite creates swiss-cheese like fabric in cell wall (HF44). ..... 289	  
Figure 7-8: Overview of empty conceptacles and aragonite in-filled conceptacles in reef 
flat CCA (HF42). ..................................................................................................... 290	  
Figure 7-9: Conceptacles in reef flat CCA. A. In-filled with aragonite and magnesite. B. 
Close-up showing apparently the same crystal morphology for both aragonite and 
magnesite minerals. C. Decalcified conceptacle with infill by unidentified Mg-
mineral. D. Close-up of Mg-mineral platelets. ........................................................ 291	  
Figure 7-10: Cell wall and inter-filament features of reef flat CCA (HF42) A. Radial and 
inter-filament. B. Exposed Mg-calcite cell. C. No dolomite lining in cells. D. Mg-
calcite infill in cell. .................................................................................................. 292	  
Figure 7-11: SEM overview of reef flat CCA with remnant coral interior. Numbered 
boxes are on areas of hypothallial growth and are enlarged in figures 7-12 to15. .. 293	  
Figure 7-12: Hypothallial cell growth within CCA (site 1, Fig. 7-11). A. There is no cell 
wall calcification. Instead, the inter-filament Mg-calcite forms the calcified 
structure. B. BSE overview of location. C. Mol% MgCO3 from spot EDS. D. 
Different image setting of A. Inter-filament parallel alignment is clear in both 
horizontal and vertical structures. ............................................................................ 295	  
Figure 7-13: Hypothallial cells with inter-filament Mg-calcite and sporadic Mg-calcite in 
cell wall membrane (site 2, Fig. 7-11). A. Mg-calcite crystals in cell wall lining. B. 
Inter-filament Mg-calcite and poorly organised Mg-calcite crystals in cell wall 
membrane. ............................................................................................................... 296	  
Figure 7-14: Magnesium composition and partial cell lining in hypothallial cell growth, 
(site 2 Fig. 7-11). A. Spot EDS measurements of mol% MgCO3. B. Cell lining with 
Mg-calcite crystals. .................................................................................................. 297	  
Figure 7-15: Hypothallial growth within the CCA crust near the coral substrate (site 3, 
Fig. 7-11). A. Some cells are in-filled with the unidentified Mg-rich mineral (Mg). 
B. Abrupt transition from no calcified cell wall to well calcified radial Mg-calcite 
cell wall. C. Location overview in BSE showing common occurrence of unidentified 
Mg-rich mineral infill. ............................................................................................. 298	  
 456 
Figure 7-16: Hardness and modulus for reef flat CCA, 30 mN load. The red line is the 
average for all three samples for hardness and for HF42 and HF43 for modulus. Red 
star indicates significantly different from the average ............................................ 303	  
Figure 7-17: Summary of results for hardness and modulus, fore reef CCA and reef flat 
CCA. A. Statistical comparisons made separately for fresh CCA crust (fore reef and 
reef flat) and altered crust. Equals sign indicates no significant difference, all other 
data sets are significantly different. B. Red star indicates significant difference, all 
other data sets within the fresh CCA are not significantly different. ...................... 305	  
Figure 7-18: Indent sites in reef flat HF43. 50 mN grids for hardness and modulus are 
made within the black square areas.  Fn is the fracture number.  The black lines and 
patches in the top half of the sample are holes and tunnels from micro-boring 
activity. Cells empty of mineral infill show up as black.  The top half is darker 
because of the lack of cell infill whereas the base half of the sample is lighter grey 
because there is cell infill by Mg-calcite and aragonite. ......................................... 307	  
Figure 7-19: Results for 5 N indents into Mg-calcite perithallus of reef flat CCA HF43. 
A. Fracture 1. B. Fracture 2. Both fractures 1 and 2 do not have cracks propagating 
from indent corners. Crust compresses under load. ................................................. 308	  
Figure 7-20: 5 N fracture indents in altered perithallus, HF43. A. Fracture 4. B. Fracture 
5. C. Fracture 6. ....................................................................................................... 309	  
Figure 7-21: 5 N fracture indents at base edge, HF43. A. Fracture 8. B. Fracture 7. C. Cell 
space acts to prevent crack propagation. ................................................................. 310	  
Figure 7-22: 600 mN fracture 1 A. Cracks propagate from each corner. B. Adjacent cell 
with Mg-calcite infill. .............................................................................................. 311	  
Figure 7-23: 30 mN indents with unbroken load / unload curves adjacent to 600 mN 
fracture 1. A-C. Indents with low hardness and elastic modulus values and fracturing 
or cell wall rupture. D-F. Indents with higher hardness and modulus values. ........ 312	  
Figure 7-24: 600 mN fractures with no fracture resistance. A. Compressive, cell walls 
collapse. B. Overview with grid indent site for hardness and modulus adjacent. ... 313	  
Figure 7-25: 600 mN fracture indents in altered base area. A. Overview and location of 
indent grid in the base altered area. B. Cracks propagated from two corners. ........ 314	  
 457 
Figure 7-26: Map of fracture resistance in P. onkodes HF43, reef flat. Crust types 
following categories in Chapter 5. ........................................................................... 314	  
Figure 7-27: Crack deflection in HF42. Energy dissipates by following the path of pre-
existing micro-cracks between the cell wall and inter-filament and between the 
radial crystals of the adjacent cell wall. ................................................................... 315	  
Figure 7-28: Crack deflection off a 600 mN indent in the altered base of HF44. ........... 316	  
Figure 7-29: 5 N indents into HF44. A. Overview. B. 5 N indent in bored area collapses 
crust, whereas in the remineralised crust it is resistant to fracture. ......................... 317	  
Figure 7-30: Map of fracture properties for reef flat P. onkodes HF42 and HF44. Interior 
of HF42 is coral. ...................................................................................................... 319	  
Figure 7-31: Maximum displacement for1 mm spherical indents at 10 N load. There were 
only three data points for HF43 and two for HF14 Mg-calcite only crust. ............. 320	  
Figure 8-1: Comparison of daily pH level for control and the CO2 enriched tanks. 
Numbers are tank number. ....................................................................................... 339	  
Figure 8-2: Weight loss results for CCA under control and enriched CO2 treatments. .. 340	  
Figure 8-3: CCA crust embedded in resin, 3-month sample. Holes in crust are from 
boring organisms. .................................................................................................... 342	  
Figure 8-4: Magnesium composition for experimental growth of P. onkodes. Mol% 
MgCO3 is for Mg-calcite. Asymm. mol % includes influence of dolomite asymmetry 
on calculated Mg-calcite mol% MgCO3, the more dolomite present the higher the 
Asymm mol%. A. New crust after 3 months. B. New crust after 6 months. Triangle - 
control samples were unavailable for mineral analyses. C. New settlement after 6 
months. There is no dolomite in the new settlement consistent with the absence of 
white crust. Error bars are ± 1 s.d. ........................................................................... 344	  
Figure 8-5: Magnesium composition for CCA new settlement, 3 month crust, 6 month 
crust, and pre-experimental crust. The mol% MgCO3 in the Mg-calcite increases 
from new settlement to 3 and 6 months, and again for the pre-experimental crust. 
Dolomite is not present in the new settlement, appears within 3 months, increases in 
amount in the 6-month new crust, but is highest in the pre-experimental crust. Error 
bars are 1 s.d. ........................................................................................................... 345	  
 458 
Figure 8-6: Control P. onkodes with experimental and pre-experimental growth. A. (BSE) 
The lighter grey of the experimental growth is due to less dolomite presence. Black 
box enlarged in B. D -dolomitised conceptacle. B. Close-up showing the consistent 
presence of infill in pre-experimental growth whereas in the new growth regular 
dolomite cell infill is absent. The Mg-calcite crust itself appears to be less dense 
with many cracks from the cutting visible in the new growth but not so in the pre-
experimental growth. C. (SE) The pre-experimental growth appears to have a fine 
opaque organic film covering part of the cut crust (white dashed arrow), but this is 
not present in the experimental growth (White arrow). D. (BSE) Note line of 
porosity in transition between pre-experimental and experimental growth. Dashed 
arrows are pre-experimental crust and solid arrows experimental growth. ............. 347	  
Figure 8-7: (BSE) Transition from pre-experimental crust to experimental crust in P. 
onkodes, pre-industral CCA (A, B) High CO2 CCA (A, D). A. Overview. B. Close-
up of transition. Dolomite infills cells (black arrows). Experimental growth does not 
have cells infilled, crust has been damaged by saw cut. C. Overview high CO2 CCA. 
D. Close up of transition. Similarly to control and pre-industrial CCA, cells in pre-
experimental growth are infilled with dolomite (black arrows). Experimental growth 
cells are not infilled with dolomite and crust has crushed under the sawcut. .......... 348	  
Figure 8-8: SEM (BSE) of Control P. onkodes. A. Overview of experimental growth, pre-
experimental growth and transition zone (bracket). Cells at the surface do not have 
dolomite. White box enlarged in B. B. Cells in experimental growth have no 
dolomite infill. Cells below experimental growth have dolomite lining the cells but 
the centres are in-filled with aragonite. White box enlarged in C, black box enlarged 
in E. C. Close-up of cell infill by aragonite within the dolomite lining. D. Dolomite 
lined cell in transition zone with aragonite infill. E. Patch of crust below 
experimental growth with aragonite infill. F. Close-up of dolomite-lined cell with 
aragonite infill. ......................................................................................................... 349	  
Figure 8-9: XRD scans for different temperature and CO2 treatments, bulk crust only. 
XRD scans for each treatment have been added to give a combined average scan.354	  
Figure 8-10: XRD results. A. Dolomite asymmetry difference. B. Aragonite weight %. C. 
Mol% MgCO3. Bars are 1 s.d. ................................................................................. 355	  
 459 
Figure 8-11: Pre-industrial, 28°C, (sample GD2). A. Overview, SEM stitched. Boxes 1 
and 2 enlarged next figure, box 3 enlarged in appendix 2. A- aragonite. B. CCA 
transformed to aragonite, remnant cells visible. Unidentified Mg mineral between 
aragonite and remnant cells. Hypothallial growth at dolomite/ H-HMC band. ...... 357	  
Figure 8-12: Alteration by aragonite, enlargements from figure 8-11. Numbers are 
individual EDS measurements for mol% MgCO3. A. Alteration patch within the 
crust. B. Aragonitisation progresses by in-filling discrete cells in its path. C. Cells 
adjacent to the aragonite are crushed with fragments aligned sub-parallel to the 
aragonite boundary. ................................................................................................. 358	  
Figure 8-13: Unusual dolomite formations adjacent to aragonite alteration. A. Overview 
(100 microns right of Fig. 8-12B). Numbers are mol% MgCO3. B. Dolomite in 
organic membrane. C. Aragonite bands. D. Dolomite rope within remnant organic 
filaments. ................................................................................................................. 359	  
Figure 8-14: Bioerosion. A. Calcium is removed exposing dolomite cell casts. B. 
Dolomite cell casts joined by pit connectors. C. Overview of crack and dolomite 
enrichment. .............................................................................................................. 361	  
Figure 8-15: Progressive removal of calcium leaves a range of Mg compositions between 
erosion front and completely destroyed crust. Numbers are EDS mol% MgCO3. .. 362	  
Figure 8-16: Perithallial regrowth over basal aragonite. A. Overview. B. Enlargement of 
black box in A. Hypothallial cell growth follows the saw-tooth contour of the 
aragonite then reverts to typical perithallus growth. ............................................... 365	  
Figure 8-17: CCA from control site. A. Overview. B. Fungi (?) in surface crust. C. 
Clinoid sponge and fungi(?) contribute to bioerosion of base. C. Traces comparable 
to Mastigocoleus. ..................................................................................................... 370	  
Figure 8-18: Vent site CCA on coral (PNG2). A. Surficial layers. B. Bioerosion has 
removed skeletal carbonate. C. Bioerosion in coral substrate. D. CCA on coral .... 371	  
Figure 8-19: Peyssonnelia Polystrata Heydrich growing over coral at control site. A. 
Overview. B. SEM overview of alga on coral. C. Brucite in-fills cells in crust. D. 
Aragonite infill in coral pores. ................................................................................. 372	  
 460 
Figure 8-20: Fracture indents in Polystrata. A. Overview, SEM stitched. Polystrata 
grows as horizonantal layers. B. Crack travels along cell layer. C. Crack deflection 
at right angles. .......................................................................................................... 373	  
Figure 8-21: Comparison of cementation model with current and future high CO2 and 
temperature. In the high CO2 and temperature the bottom half of the schematic shifts 
from fracture resistant to either not fracture resistant or completely absent. .......... 377	  
Figure 8-22: Fracture resistance map comparison. Present day: the CCA provides a 
fracture resistant crust over the coral enabling remineralisation of the coral skeleton. 
Future scenario: CCA may have a fracture resistant band if dolomite is present, but 
bacterial erosion prevents formation of semi-closed system. Coral is not fracture 
resistant. ................................................................................................................... 378	  
Figure 8-23: Revised reef-building model with counter forces negatively affected by 
rising CO2/ temperature marked with a red arrow and resistance properties, key 
processes or outcomes no longer present, red cross, Persistence of a hard rind 
enclosing the coral is the key property to enable reef development either as CCA or 
remineralised base. .................................................................................................. 379	  
 
 
 
